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iAbstract
Besides the interest in many industrial applications, the development of new laser
systems is important to study electronic properties of materials like, e.g. carrier
lifetimes and mobility. Such physical properties can be observed with pulsed laser
light sources employed in a pump-probe scheme.
Angle-resolved photoelectron spectroscopy (ARPES) is an experimental technique
to map the electron distribution of crystals. The first Brillouin zone is the smallest
unit of the reciprocal space and represents the complete solid. To cover the full
Brillouin zone, extreme ultraviolet (XUV) photon energies are needed. If ARPES
is employed in a pump-probe scheme, the real-time evolution of the band structure
can be observed. Therefore, a pulsed XUV light source provides the foundation to
observe the temporal evolution of the electron distribution of the full first Brillouin
zone.
The main objective of this thesis is the design and implementation of a high harmonic
(HHG) light source with high repetition rate in combination with the photoemis-
sion setup TREx. For this purpose, the second harmonic from our femtosecond
Ti:sapphire laser system serves as driving laser to generate the 5th harmonic with
15 eV photons in Ar+ gas at a repetition rate of 100 kHz. If the fundamental and
the XUV pulses are employed in a pump-probe scheme, it is possible to observe
charge carrier dynamics in materials with time- and angle-resolved photoelectron
spectroscopy (trARPES).
The topological insulator Bi2Se3 was the first system studied by means of trARPES
with the new HHG light source. The out-of-equilibrium dynamics for the occupied
and unoccupied band structure at different momenta in k-space were recorded. Fur-
thermore, the temporal evolution of the characteristic topological surface state at Γ
could be observed. The hot electron dynamics at M and M′ are attributed to the
unoccupied conduction band. In our data, the depletion in the valence band due
to the excitation of the electrons and a transient broadening of the occupied bands
was observed.
A second system studied with the new light source was h-BN/Ni(111). It is a possible
candidate for valleytronic applications in which the location of excited electrons in
reciprocal-space is used as information carrier. The goal was to excite electrons
into the conduction band minimum at K at the border of the Brillouin zone and to
observe the population using HHG light. The population of the conduction band
ii
valley at K could not be observed so far which could tentatively be attributed to the
limitation of the pump photon energy. Due to time restrictions, this project could
not be finished.
In previous experiments, it could be shown that trARPES data contain information
about structural dynamics. Using the photoswitchable molecule tetra-tert-butyl-
azobenzene (TBA) as a model system corroborated with multi-scattering calcula-
tions we could show that this method is a very sensitive tool for tracking configura-
tion changes.
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Zusammenfassung
Neben dem Interesse fu¨r viele industrielle Anwendungen ist die Entwicklung neuer
Lasersysteme wichtig um elektronische Eigenschaften von Materialien zu untersu-
chen, wie z.B. Lebenszeiten von Ladungstra¨gern und dessen Mobilita¨ten. Solche
physikalischen Eigenschaften ko¨nnen mit gepulsten Laserlichtquellen, angewandt in
einem Pump-Probe Aufbau, beobachtet werden.
Winkelaufgelo¨ste Photoelektronenspektroskopie (ARPES) ist eine experimentelle
Methode zur Abbildung der Elektronenverteilung in Kristallen. Die erste Brillouin-
Zone ist die kleinste Einheit des reziproken Raumes und repra¨sentiert den vollsta¨ndigen
Festko¨rper. Damit die gesamte Brillouin-Zone untersucht werden kann, werden extem-
ultraviolette (XUV) Photonenenergien beno¨tigt. Falls ARPES in einem Pump-Probe
Aufbau angewendet wird, kann die zeitliche Entwicklung der Bandstruktur beobach-
tet werden. Deshalb bildet eine gepulste XUV Lichtquelle die Grundlage zur Beob-
achtung der zeitlichen Entwicklung der Elektronenverteilung der gesamten ersten
Brillouin-Zone.
Das Hauptziel dieser Dissertation ist der Entwurf und der Aufbau einer Ho¨her Har-
monischen (HHG) Lichtquelle bei hohen Repetitionsraten in Kombination mit dem
Photoemissionsaufbau TREx. Zu diesem Zweck wurde die zweite Harmonische von
unserem femtosekunden Titan:Saphir Oszillator Lasersystem benutzt, um die 5te
Harmonische mit 15 eV Photonenenergie in Ar+ Gas bei einer Repetitionsrate von
100 kHz zu erzeugen. Werden die Fundamentale und die XUV Pulse in einem Pump-
Probe Aufbau angewendet, ist es mo¨glich mit zeit und winkelaufgelo¨ster Photo-
elektronenspektroskopie (trARPES) die Ladungstra¨gerdynamik in Materialien zu
untersuchen.
Der topologische Isolator Bi2Se3 war das erste System welches mittels trARPES
mit der neuen HHG Lichtquelle untersucht wurde. Die Dynamik fu¨r das aus dem
Gleichgewicht getriebenen System wurde fu¨r verschiedene Momenta der besetzten
und unbesetzten Bandstruktur im reziproken Raum aufgenommen. Weiterhin wurde
die zeitliche Entwicklung des charakteristischen topologischen Oberfla¨chenzustandes
bei Γ beobachtet. Die Dynamik der heissen Elektronen bei M und M′ wurde dem
unbesetzten Valenzband zugeschrieben. Weiterhin wurde in unseren Daten die Ver-
armung durch Elektronenanregung im Valenzband und eine transiente Verbreiterung
der besetzten Zusta¨nde beobachtet.
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Ein zweites System welches mit der neuen Lichtquelle untersucht wurde ist h-
BN/Ni(111). Dies ist ein mo¨glicher Kandidat fu¨r valleytronics Anwendungen in
welchen der Ort der angeregten Elektronen im reziproken Raum als Informatri-
onstra¨ger genutzt wird. Das Ziel war die Elektronen ins Leitungsbandminimum bei
K an der Brillouin-Zonengrenze anzuregen und die Bevo¨lkerung mittels HHG Licht
zu beobachten. Die Bevo¨lkerung des Leitungsbandminimums bei K konnte bis jetzt
nicht beobachtet werden was mo¨glicherweise mit der Limitierung der Pumpphoto-
nenenergie zu tun hat. Auf Grund der zeitlichen Limitierung konnte dieses Projekt
nicht abgeschlossen werden.
In vorangegangenen Experimenten konnte gezeigt werden, dass trARPES Daten In-
formationen u¨ber strukturelle A¨nderungen beinhaltet. Mit dem Modellsystem Tetra-
tert-butyl Azobenzen (TBA) welches mittels Photonen eine strukturelle A¨nderung
erfa¨hrt konnten wir in Kombination mit Multiplenstreurechnungen zeigen, dass die-
se Methode ein sensitives Werkzeug ist um A¨nderungen von Konfigurationen zu
verfolgen.
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1 Introduction
Electronic properties like, e.g. carrier lifetimes and mobilities are important for
the application in modern electronics. Besides the introduction of new materials,
the development of new laser systems is of great significance to study the physical
properties of these materials.
Historically, the foundation for the development of the laser (light amplification by
stimulated emission of radiation) is dated back to 1917. A. Einstein published the
work on the quantum theory of radiation [1]. The theoretical concept describes that
electrons cannot only absorb and emit light spontaneously, but they can also be
stimulated to emit light of a specific wavelength. This is called stimulated emission.
It took almost forty years for the first experimental proof of Einstein’s theory. In
1953, C.H. Townes and his co-workers constructed the first maser (microwave ampli-
fication by stimulated emission of radiation) with a wavelength of a little more than
one centimeter from excited ammonia molecules [2]. In the following years, Townes
was extending his work on stimulated emission to obtain radiation of shorter wave-
lengths. In 1958, C.H. Townes and A.L. Schawlow introduced the idea of a maser
working in the infrared and optical range [3]. T.H. Maiman then built the first work-
ing laser in 1960. This ruby laser was the first application of stimulated emission of
infrared radiation (700 nm) [4].
Today, almost sixty years later, lasers are present in countless applications. In
science, the laser became an important device where it is used to study physical
and chemical properties of matter like molecular vibrations, chemical reactions or
electron dynamics in materials. The wide range of wavelengths available from far-
infrared to UV is important for the light-matter interaction. Thus, the wavelength to
be chosen depends on the physical effect to be studied. Although, there is a limita-
tion in wavelength in the UV range, where the large atomic and molecular resonances
for UV radiation lead to rather high absorption of the light in air. Therefore, the
nonlinear optical process to generate photon energies above 7 eV [5] is inefficient in
air. However, this can be overcome by generating XUV light in vacuum.
2 1 Introduction
High harmonic generation (HHG) in rare gases represents a low cost, table-top tech-
nique to produce XUV laser pulses in vacuum. Therefore an intense laser field
interacting with the rare gas generates multiple odd harmonics of the driving laser
photon energy. The energy range provided by this technique starts at few tens to
many hundreds of electron volts. The potential of this type of light sources was
proposed [6] shortly after its discovery in 1987 [7]. Since then, many new experi-
mental HHG setups were designed and implemented for different applications such
as static ARPES[8] and time-resolved ARPES[9], attosecond pulses applications[10]
and microscopy[11].
The main part of this thesis, presented in chapter 3, was the development and char-
acterization of a photoemission setup with femtosecond high harmonic generation.
It enables us to carry out trARPES from solids with monochromatic XUV light.
The high repetition rate HHG setup combined with the five-axis sample manipu-
lator and two-dimensional hemispheric display analyzer is well suited to measure
trARPES maps avoiding space-charge effects due to high pulse energies at low rep-
etition rates [12].
In chapter 5, the trARPES measurements on Bi2Se3 recorded with the high har-
monic generation setup is shown. It was the first system measured because the
understanding so far lacks the electron dynamics at the Brillouin zone boundaries
and the bulk valence band structure. The response of the system due to the pump-
ing with 800 nm light is large [13]. Furthermore, the first Brillouin zone (∼ 1A−1)
is rather small, which allows the high-symmetry point L and F to be measured in a
pump-probe scheme even at fairly low photon energies.
The access to the full first Brillouin zone provided by the XUV photon energies is
ideal to study valleytronic systems [14]. The direct transition of bound electronic
states to valleys in the unoccupied states at the Brillouin zone boundaries in these
materials can be studied by means of pump-probe spectroscopy [15]. In most ma-
terials, the selectivity of the valley is done by spin selection which can be achieved
rather easily by circularly polarized light. Our first valleytronics candidate is h-
BN/Ni(111), which is discussed in chapter 4. The pi∗-band with predicted local
minima at the high-symmetry points K and K′ [16] can be reached with photon
energies starting from 15 eV. The conjectured difference in electron spin density
offers the possibility of valleytronics by exciting the electrons from the Ni3d states
with circularly polarized light into the pi∗-band of h-BN.
In chapter 6, a study of the sensitivity of photoelectron diffraction to conformational
3changes is shown. Structural changes upon photoexcitation are important among
functionalization of molecules. Photoinduced structural changes of tetra-tert-butyl-
azobenzene adsorbed on Au(111) were shown by means of STM [17] and tr2PPE
[18]. Time-resolved photoelectron diffraction with high harmonics could combine the
direct observation of the structural change with femtosecond resolution. The sensi-
tivity of photoelectron diffraction to structural changes has to be clarified because an
ensemble of molecules is measured, but usually, only a few percents of the molecules
change their configuration upon photoexcitation in a pump-probe experiment from
solids.
Chapter 7 gives an outlook of the possible future application for the new pulsed
XUV light source and how the light source will be improved to extend the pump
photon energies. The conclusions are presented at the end of each chapter.

2 Photoemission from solids
2.1 Photoelectron spectroscopy
Photoelectron spectroscopy (PES) is based on the photoelectric effect, which was
first observed by Hertz [19] in 1887 and explained in 1905 by Einstein [20], who
explained it with the quantum nature of light. The photoelectric effect describes
the emission of electrons under irradiation of light. If the energy of the photon hν
absorbed by an electron of the solid is large enough to overcome the binding energy
EB of the electron and the work function of the sample φ, the electron can leave
the solid and can be detected by a photoelectron analyzer by recording its residual
kinetic energy Ekin and emission angle. The kinetic energy of the electron is then
given by the equation
Ekin = hν − EB − φ (2.1)
where h is the constant of Planck and ν the frequency of the incoming photon.
This equation allows us to directly calculate the binding energy of the emitted
electron from the recorded kinetic energy. One obtains a photoelectron spectrum
with characteristic lines for all distinct binding energies of the electrons in the solid
(figure 2.1b and 2.2).
A phenomenological approach to the photoemission process is the three-step model:
Step 1: The electron in the solid is optically excited via absorption of a photon.
The transition from the initial state with the energy Ei(ki) to the final state Ef(kf)
is momentum and energy conserved. The momentum transfer from a UV photon
can be neglected compared to the momentum of the electron. Thus the momentum
of the photoelectron in the final state is approximately the same as in the initial
state modulo G in the extended Brillouin zone scheme kf = ki + G where G is the
reciprocal lattice vector.
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Figure 2.1 a) Illustration of the photoemission tree-step process. 1) Excitation of the
electron inside the crystal by absorption of a photon with the energy hν. 2) Transport of
the photoelectron to the surface. The electron loses energy on the way by inelastic pro-
cesses which creates a background of secondaries. 3) The photoelectron escapes through
the surface potential barrier into the vacuum and is detected by the electron analyzer.
b) Sketch of a photoelectron spectrum with the characteristic lines for the core level and
valence electrons. Adapted from [21] and [22].
The optical transition rate Wif for an electron with the initial state |i〉 into the final
state |f〉 after the excitation is described by Fermi’s golden rule
Wif ∝
∑
i,f
2pi
~
|〈ψi|H ′|ψf〉|2δ(Ef − Ei − hν) (2.2)
where the δ-function ensures the energy conservation for the allowed transitions and
H ′ is the Hamiltonian which describes the perturbation by the electromagnetic field.
The derivation of Fermi’s golden rule is not done at this point but can be found in
[21].
Step 2: The transport of the photoelectron from inside the crystal to the surface.
The electron loses energy due to inelastic processes while being transported to the
surface. These losses create a background of secondaries. The inelastic mean free
path (IMFP) of the photoelectrons is mainly determined by the electron density
within the solid and depends on the kinetic energy. The elastic peaks in PES are
interpreted as lines without losses.
Step 3: The photoelectron escapes through the surface potential barrier into the
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vacuum where it is detected by the photoelectron analyzer. Step 3 is important for
angle-resolved photoelectron spectroscopy (ARPES) and will be discussed in detail
in the following section.
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Figure 2.2 Measured x-ray photoelectron spectroscopy (XPS) data of bare Au(111)
recorded with the MgKα emission line (hν = 1253.4 eV). In this figure the most important
elastic lines corresponding to the core level and valence electrons are labeled.
The type of a light source is chosen to the specific needs of the physical question to
be answered. The x-ray energy range is used to excite the core-level electrons within
the solid. Tunable light sources are provided by synchrotrons where photon energies
in the range of a few tens of electron volt up to multiple keV can be generated.
X-ray tubes with distinct photon energies are used in labs. Depending on the anode
material, e.g. Magnesium, Silicon or Aluminum, the photon energies are typically
in the range of 1− 2 keV.
To excite the valence electrons, it is more convenient to use low photon energies
in the range of 5− 50 eV because the cross-sections for valence electrons are higher
at low photon energies and the bandwidth is smaller providing a higher energy
resolution. Regarding tunable light sources, some facilities can provide these en-
ergies. Within the laboratory environment the standard tools are high-intensity
Helium lamps which provide the distinct emission lines of helium-like 21.2 eV and
40.8 eV.
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2.2 ARPES
ARPES is one of the key tools to study the electronic structure of solids [23]. Most
physical properties of solids are defined by the electron distribution around the Fermi
energy EF. A typical ARPES experiment is shown in figure 2.3 and the momenta
of the detected photoelectrons can be written as
kx =
1
~
√
2meEvackin sin(θ) cos(φ) (2.3)
ky =
1
~
√
2meEvackin sin(θ) sin(φ) (2.4)
kz =
1
~
√
2meEvackin cos(θ) (2.5)
Figure 2.3 Illustration of an ARPES experiment. The optically excited electrons are
detected by the electron analyzer which is set to a given Ekin and counts the electrons
emitted into a chosen angular window. This information leads to the calculation of the
energy and momenta of the initial state of the electrons inside the solid.
One issue of the detected photoelectrons is that they are detected in vacuum, i.e.
after they left the potential range of the solid. Therefore a closer look at the momenta
is required (Step 3 of the three-step model).
In order to leave the solid, the excited photoelectron needs to gain enough energy
from the photon to overcome the surface potential barrier. Thus, the photoelectron
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in the solid needs to have at least an energy of (~2/2m)k′⊥2 ≥ (~2/2m)k⊥2 + E0,
which leads to a minimum momenta needed k′min⊥ (see figure 2.4b). E0 is the
energy of the valence band bottom (inner potential). The relation between the
measured momenta and the initial momenta is discussed separately for the parallel
and perpendicular components:
Parallel momenta: The transmission through the surface leaves the parallel com-
ponent of the momentum k‖ conserved, and the momentum conservation can be
written as (see figure 2.4a)
k′‖ =
1
~
√
2meEsolidkin sin(θ
′) =
1
~
√
2meEvackin sin(θ) = k‖ (2.6)
where ~ denotes the reduced Planck constant, me is the mass of the electron, k′‖
and k‖ are the momenta of the excited electron inside and outside the solid. Esolidkin
and θ′ describe the excited final state in the solid. Evackin and θ are values which can
be measured in a ARPES experiment. k′‖ of the excited final state in the solid can
be calculated from the ARPES observables Evackin and θ by
k′‖ = 0.512
√
2meEvackin sin(θ) (2.7)
θ`max
θ`
k`min⟂
θ
k`⟂
vacuum
surface
k`∥
k∥
k`⟂
k⟂θ
θ`
k∥=k`∥
a) b)
k⃗
k⃗
k`
k`
Figure 2.4 Refraction at the surface: a) k′‖ of the photoelectron is conserved passing
through the surface while k′⊥ is changed by the surface potential step. b) Scheme of the
photoemission horizon due to the refraction. The photoelectrons need to have at least a
momentum of k′min⊥ to escape. The solid lines depict the escape cones inside the crystal
and in vacuum. Adapted from [21].
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Perpendicular momenta: The perpendicular momentum is more complex due to
the surface potential step [22] which is defined by the inner potential E0. Therefore,
k′⊥ can be written as
k′⊥ =
1
~
√
2me (Evackin cos
2(θ) + E0) (2.8)
considering Evackin = E
solid
kin −E0. The calculation of k′⊥ requires the inner potential E0,
which is a fit parameter or empirical parameter which usually is energy-dependent.
2.3 tr2PPE and trARPES
Femtosecond laser systems with photon energies below the workfunction of the sam-
ple and with intensities high enough to allow multiphoton ionization offer the possi-
bility to study the temporal evolution of the unoccupied electronic states inbetween
the Fermi energy and the vacuum level with femtosecond time resolution [24, 25].
The photon energies for time-resolved two-photon photoemission (tr2PPE) [26] ful-
fill the relation hν1, hν2 < φ < hν1 + hν2. In figure 2.5, the process of tr2PPE is
illustrated.
E
Evac
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Figure 2.5 Illustration of the tr2PPE process. The photon energies for tr2PPE must
fulfill the condition hν1, hν2 < φ < hν1 + hν2. Step 1: A first femtosecond laser pulse
hν1 exites electrons from the initial state |i〉 into the intermediate state |k〉. Step 2:
The excited electrons in the intermediate state may relax via elastic and inelastic process
back into the initial state. The sum of these processes define the relaxation time τ of
the intermediate state. Step 3: A second laser pulse hν2 excites electrons after a certain
time delay ∆t from the intermediate state into the final state |f〉 above the vacuum level.
These photoelectrons will then be recorded by the electron analyzer. The figure is inspired
by the ”Electron spectroscopies” lecture at University of Zu¨rich.
Step 1: A first laser pulse (pump pulse) with the photon energy of hν1 excites
electrons from the initial state |i〉 into an intermediate state |k〉.
2.3 tr2PPE and trARPES 11
Step 2: After the excitation, the electrons in the intermediate state can relax
via various elastic and inelastic processes like, e.g. electron-hole pair excitation or
electron-phonon coupling. These processes define the lifetime τ (relaxation time) of
the intermediate state.
Step 3: After a defined time delay ∆t, the second laser pulse hits the sample with
the photon energy hν2 and excites some of the electrons in the intermediate state
into the final state |f〉 above the vacuum level.
The measured kinetic energy and the emission angle of the photoelectrons after step
3 are used to calculate the energy and the momentum (cf. section 2.2) for the initial
and intermediate states by
Ei − EF = Ekin + φ− hν1 − hν2 (2.9)
Ek − EF = Ekin + φ− hν2 (2.10)
Time- and angle-resolved photoelectron spectroscopy (trARPES) is similar to tr2PPE
but the photon energies of the laser pulses are in the range of hν1 < φ < hν2. There-
fore, this technique measures the temporal evolution of the non-equilibrium electron
distribution of the occupied and unoccupied band structure afer irradiation with an
intense laser pulse [26]. Figure 2.6 illustrates the process of trARPES.
The biggest difference to tr2PPE becomes evident in step 3. Instead of only probing
the electrons in the intermediate state |k〉, the probe pulse also excites electrons
from the occupied initial states |i〉 into vacuum, which corresponds to conventional
ARPES.
By varying the delay line and therefore changing the temporal separation ∆t be-
tween the pump and the probe pulses, intensity traces with respect to ∆t can be
analyzed. In figure 2.7a, trARPES data taken with 1.5 eV/15 eV are shown. From
the integration range, indicated by the black box, the transient population trace in
figure 2.7b is plotted (green circles). We assume that both laser pulses are Gaussian
and therefore the cross-correlation of these two pulses again results in a Gaussian
(red dashed line). The second characteristic time scale in the transient is linked
to the relaxation time of the intermediate state. The transient can be fitted by a
12 2 Photoemission from solids
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<latexit sha1_base 64="cg98v7bJsThV5aITS8Lxifp+cKU=">A AAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5 E0DJoYxnBJEpyhL3NJFmyu3fs7gnhzK+wsV DE1p9j579xk1yhiQ8GHu/NMDMvSgQ31ve/v cLK6tr6RnGztLW9s7tX3j9omjjVDBssFrG+ j6hBwRU2LLcC7xONVEYCW9Hoeuq3HlEbHqs 7O04wlHSgeJ8zap308DTqaKoGArvlil/1Z yDLJMhJBXLUu+WvTi9mqURlmaDGtAM/sWFG teVM4KTUSQ0mlI3oANuOKirRhNns4Ak5cUq P9GPtSlkyU39PZFQaM5aR65TUDs2iNxX/89 qp7V+GGVdJalGx+aJ+KoiNyfR70uMamRVjR yjT3N1K2JBqyqzLqORCCBZfXibNs2rgV4P b80rtKo+jCEdwDKcQwAXU4Abq0AAGEp7hFd 487b14797HvLXg5TOH8Afe5w8QQZCQ</lat exit><latexit sha1_base 64="cg98v7bJsThV5aITS8Lxifp+cKU=">A AAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5 E0DJoYxnBJEpyhL3NJFmyu3fs7gnhzK+wsV DE1p9j579xk1yhiQ8GHu/NMDMvSgQ31ve/v cLK6tr6RnGztLW9s7tX3j9omjjVDBssFrG+ j6hBwRU2LLcC7xONVEYCW9Hoeuq3HlEbHqs 7O04wlHSgeJ8zap308DTqaKoGArvlil/1Z yDLJMhJBXLUu+WvTi9mqURlmaDGtAM/sWFG teVM4KTUSQ0mlI3oANuOKirRhNns4Ak5cUq P9GPtSlkyU39PZFQaM5aR65TUDs2iNxX/89 qp7V+GGVdJalGx+aJ+KoiNyfR70uMamRVjR yjT3N1K2JBqyqzLqORCCBZfXibNs2rgV4P b80rtKo+jCEdwDKcQwAXU4Abq0AAGEp7hFd 487b14797HvLXg5TOH8Afe5w8QQZCQ</lat exit><latexit sha1_base 64="cg98v7bJsThV5aITS8Lxifp+cKU=">A AAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5 E0DJoYxnBJEpyhL3NJFmyu3fs7gnhzK+wsV DE1p9j579xk1yhiQ8GHu/NMDMvSgQ31ve/v cLK6tr6RnGztLW9s7tX3j9omjjVDBssFrG+ j6hBwRU2LLcC7xONVEYCW9Hoeuq3HlEbHqs 7O04wlHSgeJ8zap308DTqaKoGArvlil/1Z yDLJMhJBXLUu+WvTi9mqURlmaDGtAM/sWFG teVM4KTUSQ0mlI3oANuOKirRhNns4Ak5cUq P9GPtSlkyU39PZFQaM5aR65TUDs2iNxX/89 qp7V+GGVdJalGx+aJ+KoiNyfR70uMamRVjR yjT3N1K2JBqyqzLqORCCBZfXibNs2rgV4P b80rtKo+jCEdwDKcQwAXU4Abq0AAGEp7hFd 487b14797HvLXg5TOH8Afe5w8QQZCQ</lat exit><latexit sha1_base 64="cg98v7bJsThV5aITS8Lxifp+cKU=">A AAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5 E0DJoYxnBJEpyhL3NJFmyu3fs7gnhzK+wsV DE1p9j579xk1yhiQ8GHu/NMDMvSgQ31ve/v cLK6tr6RnGztLW9s7tX3j9omjjVDBssFrG+ j6hBwRU2LLcC7xONVEYCW9Hoeuq3HlEbHqs 7O04wlHSgeJ8zap308DTqaKoGArvlil/1Z yDLJMhJBXLUu+WvTi9mqURlmaDGtAM/sWFG teVM4KTUSQ0mlI3oANuOKirRhNns4Ak5cUq P9GPtSlkyU39PZFQaM5aR65TUDs2iNxX/89 qp7V+GGVdJalGx+aJ+KoiNyfR70uMamRVjR yjT3N1K2JBqyqzLqORCCBZfXibNs2rgV4P b80rtKo+jCEdwDKcQwAXU4Abq0AAGEp7hFd 487b14797HvLXg5TOH8Afe5w8QQZCQ</lat exit>
|fi
<latexit sha1_base 64="b3CSRLy2s0aVH8C2V0jAGLeRBo0=">A AAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5 E0DJoYxnBJEpyhL3NXLJkd+/Y3RNCzK+wsV DE1p9j579xk1yhiQ8GHu/NMDMvSgU31ve/v cLK6tr6RnGztLW9s7tX3j9omiTTDBssEYm+ j6hBwRU2LLcC71ONVEYCW9Hweuq3HlEbnqg 7O0oxlLSveMwZtU56eIo7mqq+wG654lf9G cgyCXJSgRz1bvmr00tYJlFZJqgx7cBPbTim 2nImcFLqZAZTyoa0j21HFZVowvHs4Ak5cUq PxIl2pSyZqb8nxlQaM5KR65TUDsyiNxX/89 qZjS/DMVdpZlGx+aI4E8QmZPo96XGNzIqRI 5Rp7m4lbEA1ZdZlVHIhBIsvL5PmWTXwq8H teaV2lcdRhCM4hlMI4AJqcAN1aAADCc/wCm +e9l68d+9j3lrw8plD+APv8wcIipCL</lat exit><latexit sha1_base 64="b3CSRLy2s0aVH8C2V0jAGLeRBo0=">A AAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5 E0DJoYxnBJEpyhL3NXLJkd+/Y3RNCzK+wsV DE1p9j579xk1yhiQ8GHu/NMDMvSgU31ve/v cLK6tr6RnGztLW9s7tX3j9omiTTDBssEYm+ j6hBwRU2LLcC71ONVEYCW9Hweuq3HlEbnqg 7O0oxlLSveMwZtU56eIo7mqq+wG654lf9G cgyCXJSgRz1bvmr00tYJlFZJqgx7cBPbTim 2nImcFLqZAZTyoa0j21HFZVowvHs4Ak5cUq PxIl2pSyZqb8nxlQaM5KR65TUDsyiNxX/89 qZjS/DMVdpZlGx+aI4E8QmZPo96XGNzIqRI 5Rp7m4lbEA1ZdZlVHIhBIsvL5PmWTXwq8H teaV2lcdRhCM4hlMI4AJqcAN1aAADCc/wCm +e9l68d+9j3lrw8plD+APv8wcIipCL</lat exit><latexit sha1_base 64="b3CSRLy2s0aVH8C2V0jAGLeRBo0=">A AAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5 E0DJoYxnBJEpyhL3NXLJkd+/Y3RNCzK+wsV DE1p9j579xk1yhiQ8GHu/NMDMvSgU31ve/v cLK6tr6RnGztLW9s7tX3j9omiTTDBssEYm+ j6hBwRU2LLcC71ONVEYCW9Hweuq3HlEbnqg 7O0oxlLSveMwZtU56eIo7mqq+wG654lf9G cgyCXJSgRz1bvmr00tYJlFZJqgx7cBPbTim 2nImcFLqZAZTyoa0j21HFZVowvHs4Ak5cUq PxIl2pSyZqb8nxlQaM5KR65TUDsyiNxX/89 qZjS/DMVdpZlGx+aI4E8QmZPo96XGNzIqRI 5Rp7m4lbEA1ZdZlVHIhBIsvL5PmWTXwq8H teaV2lcdRhCM4hlMI4AJqcAN1aAADCc/wCm +e9l68d+9j3lrw8plD+APv8wcIipCL</lat exit><latexit sha1_base 64="b3CSRLy2s0aVH8C2V0jAGLeRBo0=">A AAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5 E0DJoYxnBJEpyhL3NXLJkd+/Y3RNCzK+wsV DE1p9j579xk1yhiQ8GHu/NMDMvSgU31ve/v cLK6tr6RnGztLW9s7tX3j9omiTTDBssEYm+ j6hBwRU2LLcC71ONVEYCW9Hweuq3HlEbnqg 7O0oxlLSveMwZtU56eIo7mqq+wG654lf9G cgyCXJSgRz1bvmr00tYJlFZJqgx7cBPbTim 2nImcFLqZAZTyoa0j21HFZVowvHs4Ak5cUq PxIl2pSyZqb8nxlQaM5KR65TUDsyiNxX/89 qZjS/DMVdpZlGx+aI4E8QmZPo96XGNzIqRI 5Rp7m4lbEA1ZdZlVHIhBIsvL5PmWTXwq8H teaV2lcdRhCM4hlMI4AJqcAN1aAADCc/wCm +e9l68d+9j3lrw8plD+APv8wcIipCL</lat exit>
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<latexit sha1_base64="h4FZfgTES6oSI OyRe3MPTcf4tVM=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBJEpyhL3NX LJkd+/Y3RNCzK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvSgU31ve/vcLK6tr6RnGztLW9s7 tX3j9omiTTDBssEYm+j6hBwRU2LLcC71ONVEYCW9Hweuq3HlEbnqg7O0oxlLSveMwZtU56 eOIdTVVfYLdc8av+DGSZBDmpQI56t/zV6SUsk6gsE9SYduCnNhxTbTkTOCl1MoMpZUPax7 ajiko04Xh28IScOKVH4kS7UpbM1N8TYyqNGcnIdUpqB2bRm4r/ee3MxpfhmKs0s6jYfFG cCWITMv2e9LhGZsXIEco0d7cSNqCaMusyKrkQgsWXl0nzrBr41eD2vFK7yuMowhEcwykEc AE1uIE6NICBhGd4hTdPey/eu/cxby14+cwh/IH3+QMNK5CO</latexit><latexit sha1_base64="h4FZfgTES6oSI OyRe3MPTcf4tVM=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBJEpyhL3NX LJkd+/Y3RNCzK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvSgU31ve/vcLK6tr6RnGztLW9s7 tX3j9omiTTDBssEYm+j6hBwRU2LLcC71ONVEYCW9Hweuq3HlEbnqg7O0oxlLSveMwZtU56 eOIdTVVfYLdc8av+DGSZBDmpQI56t/zV6SUsk6gsE9SYduCnNhxTbTkTOCl1MoMpZUPax7 ajiko04Xh28IScOKVH4kS7UpbM1N8TYyqNGcnIdUpqB2bRm4r/ee3MxpfhmKs0s6jYfFG cCWITMv2e9LhGZsXIEco0d7cSNqCaMusyKrkQgsWXl0nzrBr41eD2vFK7yuMowhEcwykEc AE1uIE6NICBhGd4hTdPey/eu/cxby14+cwh/IH3+QMNK5CO</latexit><latexit sha1_base64="h4FZfgTES6oSI OyRe3MPTcf4tVM=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBJEpyhL3NX LJkd+/Y3RNCzK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvSgU31ve/vcLK6tr6RnGztLW9s7 tX3j9omiTTDBssEYm+j6hBwRU2LLcC71ONVEYCW9Hweuq3HlEbnqg7O0oxlLSveMwZtU56 eOIdTVVfYLdc8av+DGSZBDmpQI56t/zV6SUsk6gsE9SYduCnNhxTbTkTOCl1MoMpZUPax7 ajiko04Xh28IScOKVH4kS7UpbM1N8TYyqNGcnIdUpqB2bRm4r/ee3MxpfhmKs0s6jYfFG cCWITMv2e9LhGZsXIEco0d7cSNqCaMusyKrkQgsWXl0nzrBr41eD2vFK7yuMowhEcwykEc AE1uIE6NICBhGd4hTdPey/eu/cxby14+cwh/IH3+QMNK5CO</latexit><latexit sha1_base64="h4FZfgTES6oSI OyRe3MPTcf4tVM=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBJEpyhL3NX LJkd+/Y3RNCzK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvSgU31ve/vcLK6tr6RnGztLW9s7 tX3j9omiTTDBssEYm+j6hBwRU2LLcC71ONVEYCW9Hweuq3HlEbnqg7O0oxlLSveMwZtU56 eOIdTVVfYLdc8av+DGSZBDmpQI56t/zV6SUsk6gsE9SYduCnNhxTbTkTOCl1MoMpZUPax7 ajiko04Xh28IScOKVH4kS7UpbM1N8TYyqNGcnIdUpqB2bRm4r/ee3MxpfhmKs0s6jYfFG cCWITMv2e9LhGZsXIEco0d7cSNqCaMusyKrkQgsWXl0nzrBr41eD2vFK7yuMowhEcwykEc AE1uIE6NICBhGd4hTdPey/eu/cxby14+cwh/IH3+QMNK5CO</latexit>
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<latexit sha1_base64="cg98v7bJsThV5 aITS8Lxifp+cKU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBJEpyhL3NJ Fmyu3fs7gnhzK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvSgQ31ve/vcLK6tr6RnGztLW9s7 tX3j9omjjVDBssFrG+j6hBwRU2LLcC7xONVEYCW9Hoeuq3HlEbHqs7O04wlHSgeJ8zap30 8DTqaKoGArvlil/1ZyDLJMhJBXLUu+WvTi9mqURlmaDGtAM/sWFGteVM4KTUSQ0mlI3oAN uOKirRhNns4Ak5cUqP9GPtSlkyU39PZFQaM5aR65TUDs2iNxX/89qp7V+GGVdJalGx+aJ +KoiNyfR70uMamRVjRyjT3N1K2JBqyqzLqORCCBZfXibNs2rgV4Pb80rtKo+jCEdwDKcQw AXU4Abq0AAGEp7hFd487b14797HvLXg5TOH8Afe5w8QQZCQ</latexit><latexit sha1_base64="cg98v7bJsThV5 aITS8Lxifp+cKU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBJEpyhL3NJ Fmyu3fs7gnhzK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvSgQ31ve/vcLK6tr6RnGztLW9s7 tX3j9omjjVDBssFrG+j6hBwRU2LLcC7xONVEYCW9Hoeuq3HlEbHqs7O04wlHSgeJ8zap30 8DTqaKoGArvlil/1ZyDLJMhJBXLUu+WvTi9mqURlmaDGtAM/sWFGteVM4KTUSQ0mlI3oAN uOKirRhNns4Ak5cUqP9GPtSlkyU39PZFQaM5aR65TUDs2iNxX/89qp7V+GGVdJalGx+aJ +KoiNyfR70uMamRVjRyjT3N1K2JBqyqzLqORCCBZfXibNs2rgV4Pb80rtKo+jCEdwDKcQw AXU4Abq0AAGEp7hFd487b14797HvLXg5TOH8Afe5w8QQZCQ</latexit><latexit sha1_base64="cg98v7bJsThV5 aITS8Lxifp+cKU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBJEpyhL3NJ Fmyu3fs7gnhzK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvSgQ31ve/vcLK6tr6RnGztLW9s7 tX3j9omjjVDBssFrG+j6hBwRU2LLcC7xONVEYCW9Hoeuq3HlEbHqs7O04wlHSgeJ8zap30 8DTqaKoGArvlil/1ZyDLJMhJBXLUu+WvTi9mqURlmaDGtAM/sWFGteVM4KTUSQ0mlI3oAN uOKirRhNns4Ak5cUqP9GPtSlkyU39PZFQaM5aR65TUDs2iNxX/89qp7V+GGVdJalGx+aJ +KoiNyfR70uMamRVjRyjT3N1K2JBqyqzLqORCCBZfXibNs2rgV4Pb80rtKo+jCEdwDKcQw AXU4Abq0AAGEp7hFd487b14797HvLXg5TOH8Afe5w8QQZCQ</latexit><latexit sha1_base64="cg98v7bJsThV5 aITS8Lxifp+cKU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBJEpyhL3NJ Fmyu3fs7gnhzK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvSgQ31ve/vcLK6tr6RnGztLW9s7 tX3j9omjjVDBssFrG+j6hBwRU2LLcC7xONVEYCW9Hoeuq3HlEbHqs7O04wlHSgeJ8zap30 8DTqaKoGArvlil/1ZyDLJMhJBXLUu+WvTi9mqURlmaDGtAM/sWFGteVM4KTUSQ0mlI3oAN uOKirRhNns4Ak5cUqP9GPtSlkyU39PZFQaM5aR65TUDs2iNxX/89qp7V+GGVdJalGx+aJ +KoiNyfR70uMamRVjRyjT3N1K2JBqyqzLqORCCBZfXibNs2rgV4Pb80rtKo+jCEdwDKcQw AXU4Abq0AAGEp7hFd487b14797HvLXg5TOH8Afe5w8QQZCQ</latexit>
|fi
<latexit sha1_base64="b3CSRLy2s0aVH 8C2V0jAGLeRBo0=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBJEpyhL3NX LJkd+/Y3RNCzK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvSgU31ve/vcLK6tr6RnGztLW9s7 tX3j9omiTTDBssEYm+j6hBwRU2LLcC71ONVEYCW9Hweuq3HlEbnqg7O0oxlLSveMwZtU56 eIo7mqq+wG654lf9GcgyCXJSgRz1bvmr00tYJlFZJqgx7cBPbTim2nImcFLqZAZTyoa0j2 1HFZVowvHs4Ak5cUqPxIl2pSyZqb8nxlQaM5KR65TUDsyiNxX/89qZjS/DMVdpZlGx+aI 4E8QmZPo96XGNzIqRI5Rp7m4lbEA1ZdZlVHIhBIsvL5PmWTXwq8HteaV2lcdRhCM4hlMI4 AJqcAN1aAADCc/wCm+e9l68d+9j3lrw8plD+APv8wcIipCL</latexit><latexit sha1_base64="b3CSRLy2s0aVH 8C2V0jAGLeRBo0=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBJEpyhL3NX LJkd+/Y3RNCzK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvSgU31ve/vcLK6tr6RnGztLW9s7 tX3j9omiTTDBssEYm+j6hBwRU2LLcC71ONVEYCW9Hweuq3HlEbnqg7O0oxlLSveMwZtU56 eIo7mqq+wG654lf9GcgyCXJSgRz1bvmr00tYJlFZJqgx7cBPbTim2nImcFLqZAZTyoa0j2 1HFZVowvHs4Ak5cUqPxIl2pSyZqb8nxlQaM5KR65TUDsyiNxX/89qZjS/DMVdpZlGx+aI 4E8QmZPo96XGNzIqRI5Rp7m4lbEA1ZdZlVHIhBIsvL5PmWTXwq8HteaV2lcdRhCM4hlMI4 AJqcAN1aAADCc/wCm+e9l68d+9j3lrw8plD+APv8wcIipCL</latexit><latexit sha1_base64="b3CSRLy2s0aVH 8C2V0jAGLeRBo0=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBJEpyhL3NX LJkd+/Y3RNCzK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvSgU31ve/vcLK6tr6RnGztLW9s7 tX3j9omiTTDBssEYm+j6hBwRU2LLcC71ONVEYCW9Hweuq3HlEbnqg7O0oxlLSveMwZtU56 eIo7mqq+wG654lf9GcgyCXJSgRz1bvmr00tYJlFZJqgx7cBPbTim2nImcFLqZAZTyoa0j2 1HFZVowvHs4Ak5cUqPxIl2pSyZqb8nxlQaM5KR65TUDsyiNxX/89qZjS/DMVdpZlGx+aI 4E8QmZPo96XGNzIqRI5Rp7m4lbEA1ZdZlVHIhBIsvL5PmWTXwq8HteaV2lcdRhCM4hlMI4 AJqcAN1aAADCc/wCm+e9l68d+9j3lrw8plD+APv8wcIipCL</latexit><latexit sha1_base64="b3CSRLy2s0aVH 8C2V0jAGLeRBo0=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBJEpyhL3NX LJkd+/Y3RNCzK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvSgU31ve/vcLK6tr6RnGztLW9s7 tX3j9omiTTDBssEYm+j6hBwRU2LLcC71ONVEYCW9Hweuq3HlEbnqg7O0oxlLSveMwZtU56 eIo7mqq+wG654lf9GcgyCXJSgRz1bvmr00tYJlFZJqgx7cBPbTim2nImcFLqZAZTyoa0j2 1HFZVowvHs4Ak5cUqPxIl2pSyZqb8nxlQaM5KR65TUDsyiNxX/89qZjS/DMVdpZlGx+aI 4E8QmZPo96XGNzIqRI5Rp7m4lbEA1ZdZlVHIhBIsvL5PmWTXwq8HteaV2lcdRhCM4hlMI4 AJqcAN1aAADCc/wCm+e9l68d+9j3lrw8plD+APv8wcIipCL</latexit>
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Figure 2.6 Scheme of trARPES. The photon energies of the two laser pulses are
hν1 < φ < hν2. Step 1: Irradiation with a short laser pulse hν1 excites electrons from
the initial state |i〉 into the intermediate state |k〉. Step 2: After the excitation, the
electrons may relax back to the initial state. All relaxation channels combined define the
relaxation time τ . Step 3: After a well defined time delay ∆t, a second laser pulse hits
the sample and excites the electrons from the intermediate state and the non-equilibrium
initial states into the vacuum. The figure is inspired by the ”Electron spectroscopies”
lecture at University of Zu¨rich.
Gaussian (red dashed line) convoluted with an exponential background (blue dash-
dotted line). This leads to the numerical solution with the following fitting function
[27]
f(t) = A ·
√
2
pi
· exp
(
σ2 − 4τ(t− t0)
4τ 2
)
·
(
1 + erf(−σ
2 − 2τ(t− t0)
2στ
)
)
(2.11)
with A as the amplitude, σ from the Gaussian, τ relaxation time, t time delay
between pump and probe, t0 time delay zero and the error function erf.
Unoccupied electronic states are an important aspect to study the electronic prop-
erties of solids. The most direct way to observe unoccupied states is inverse pho-
toemission. Ultrashort (femtosecond) pulsed laser systems are another important
light source to investigate the unoccupied states by photoemission. The size is ideal
for smaller laboratories and femtosecond time resolution is well suited to measure
temporal evolution of electronic lifetimes. Most of these laser systems operate in the
near infrared regime (photon energies 1− 1.5 eV) but can be extended up to 7 eV
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Figure 2.7 Illustration of the fitting routine for transient population traces. Left:
trARPES data from Bi2Se3 with the black box indicating the integration area for the
transient on the right. Right: Experimental transient (green circles) with the fit to the
data (black solid line). The fitting function is a combination of a gaussian (red dashed
line) and an exponential decay (blue dash-dotted line).
in nonlinear crystal materials. In recent years high-harmonic generation (HHG) be-
came a popular tool to perform trARPES on solids because the photon energy range
is increased without losing the temporal resolution.

3 TREx: High harmonics generation
and time-resolved photoemission
experiment
3.1 Introduction
The goal of this project was to design a table-top high-harmonics generation setup
to measure trARPES data at the edges of the first brillouin zone (BZ). A typical
brillouin zone diameter is in the range of k‖ = 3A
−1
with a workfunction of roughly
φ = 5 eV. Therefore, the required photon energy to reach the edge of the BZ is
hν = 13.6 eV.
TrARPES experiments require light sources in a pump-probe scheme. Ultrashort
(femtosecond) pulsed laser systems are the key tool to perform time-resolved pho-
toelectron spectroscopy and investigate unoccupied states within solids. The size
and power consumption are ideal for smaller laboratories and the femtosecond time
resolution is well suited to study electronic lifetimes. The main drawback of these
setups, where the light paths are placed in air, is the photon energy. The maximum
photon energy which can be reached is limited to hν = 6.2 eV due to the absorption
of the light below 200 nm by air. This can be overcome by HHG where photon
energies up to a few hundreds of electron volts can be generated. The HHG process
is driven by the fundamental laser pulses which are focussed into a noble gas placed
in a UHV system. A more detailed description on HHG is given in the following
sections.
16 3 TREx: HHG and time-resolved photoemission experiment
3.2 Concept of high harmonics generation
For understanding the process of high harmonic generation, one has to consider
the physics on two length scales. The first aspect is the microscopic response of
an individual gas atom, which can be described quasi-classically by the three-step
model developed by Corkum [28]. The second facet is the macroscopic reaction of the
nonlinear medium, which combines the coherent sum of the atomic contributions. In
this chapter, the theoretical understanding of the HHG process in the microscopic
and macroscopic picture is given, and the parameters for the efficient response of
the nonlinear medium are evaluated.
3.2.1 Quasi-classical approach: The three-step model
The HHG process is complex and needs a quantum mechanical treatment to be
fully described. Perturbation theory holds for low-order nonlinear harmonics where
the field intensities of the focussed laser pulses are lower than the atomic electric
field. This does not hold anymore when we consider high-order nonlinear harmonic
processes. An intuitive description of the latter process can be provided via the
quasi-classical three-step model (cf. figure 3.1).
1) Ionization of the gas atom by an electric field resulting in a free electron with
Ekin = 0.
2) Acceleration of the electron away and back to the atom upon reversal of the
driving field.
3) Recombination of the electron with the ionized atom and relaxation to the ground
state. The energy gained by the electron is annihilated by the emission of an XUV
photon.
Step 1: At the order of 1014 Wcm−2, the field intensities of the focussed laser pulses
are large enough to distort the atomic potential and the probability for the electron
to tunnel through the potential barrier increases (cf. figure 3.2). After the tunnel
ionization, we end up with a free electron with Ekin = 0.
At lower field intensities, the tunneling probability of the electron is decreased, and
the multiphoton ionization of the electron becomes dominant, i.e. for a large Keldysh
parameter [30, 31]
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Figure 3.1 Scheme of the three-step model developed by Paul Corkum [28]. The tree
steps: a) Tunnel ionization of the atom. b) Acceleration of the electron in the electric
field. c) Recombination of the electron with the atom with emission of an XUV photon.
Adapted from [29].
γ =
√
Ip
2 · Up (3.1)
with γ > 1, where Ip is the ionization potential of the noble gas (e.g. Argon
Ip = 15.76 eV [32]) and Up the ponderomotive energy i.e. the kinetic energy of the
electron gained in the driving field (see below equation 3.3).
The third option for the ionization process (cf. figure 3.2) requires even higher
field intensities where the atomic potential is distorted heavily so that the Coulomb
barrier gets suppressed.
Tunnel ionization is the dominant process for typical laboratory setups where γ < 1,
but the field intensities are still low enough that the suppression of the Coulomb
barrier is not yet reached.
Step 2: The electron is accelerated away and back to the atom in the external laser
field. The motion of the electron in the field can be described as a free electron
accelerated in an oscillating linearly polarized external field, i.e. E(t) = E0 · sin(ωt).
The moment of ionization depends on the phase of the laser, and the electron may
gain large kinetic energies. Typical kinetic energies are of the order of 10− 100 eV
therefore no relativistic treatment is required. Directly after the ionization, the
velocity vanishes and the position is set to be the origin. The initial conditions are
x(ti) = 0 and x˙(ti) = 0 where ti is the time of ionization. Additionally, the electron is
supposed to behave like a classical free electron in the electromagnetic field, and we
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Figure 3.2 Depending on the field intensities of the laser, the gas atom can be ion-
ized by three different processes. a) Multiphoton ionization with field intensities below
1014 Wcm−2 and a Keldysh parameter γ > 1. b) Tunnel ionization at field intensities in
the order of 1014 Wcm−2 and γ  0. c) High laser fields which suppress the Coulomb
barrier. Adapted from [33].
neglect the Coulomb potential of the atom. Therefore the electron can be described
by the differential equation [28, 34]
F = m · x¨(t) = −e · E(t)
→ x¨(t) = −eE0
me
· sin(ωt)
x˙(t) =
eE0
meω
[cos(ωt)− cos(ωti)]
x(t) =
eE0
meω2
[sin(ωt)− sin(ωti)− ω(t− ti) · cos(ωti)]
(3.2)
where me and e are the electron mass and charge, E0 is the laser field amplitude
(the envelope of the laser pulse is assumed to be constant over one cycle) and ω the
frequency of the fundamental. The mean energy averaged over one cycle of the laser
field is the ponderomotive energy [35, 36]
Up =
e2 · E02
4 ·me · ω2 =
e2 · I
2 ·me · c · 0 · ω2 (3.3)
with the intensity-field relation of a monochromatic linear polarized electromagnetic
wave of I = 1
2
cn0E0
2 and with n = 1 in vacuum. Therefore the ponderomotive
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energy describes the mean kinetic energy (Ekin =
1
2
mv2) of an electron which moves
in a sinusoidal field.
Step 3: After the acceleration in the external laser field, the electron may return to
the ion and may recombine. The energy lost by the electron when it recollides with
the atom is released as an XUV photon. The electron trajectory and the emission
of an XUV photon are strongly correlated (cf. figure 3.3). The return energy and
the return time are values of great importance for HHG. By investigating equation
3.2 in detail and plotting the electron trajectories for different ionization times as a
function of laser cycles, one can get a graphical solution for the maximum energy for
the electron and excursion time. The graphical solution for this particular problem
was proposed in [37].
Figure 3.3 a) The grey dashed line corresponds to the electric field in arb.u. The
solid green line represents the position of the parent ion. The sample electron trajectories
for four different recollision energies are presented for laser pulses with a wavelength of
800 nm and a peak energy of 1.57 Wcm−2. b) The energy gain of the electron is plotted
for the moment of the first collision in a) versus the time in units of laser cycles. The green
curve depicts the recollision time whereas the red curve shows the ionization time. 0.63 T
corresponds to the mean excursion time of the electron from the moment of ionization to
the moment of recollision. The maximum of the green line shows the maximum gained
energy of the electron which is 3.17 Up and corresponds to the blue trajectory in a). The
figure is taken from [38].
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From the information from figure 3.3 on the maximum kinetic energy gained by the
electron, the cut-off energy Ecut for the high harmonic spectrum can be identified
to be
Ecut = Ip + 3.17 · Up (3.4)
3.2.2 Macroscopic view
The three-step model, introduced in section 3.2.1, describes the response of a single
atom of the medium (gas) to a high-intensity field from a laser source. For the
macroscopic point-of-view which is important when moving to the application, one
has to optimize several parameters to obtain high efficiency. The single atom re-
sponse does not directly depend on the macroscopic parameters. The macroscopic
effects play an essential role in the high harmonic yield, especially when considering
low driving field intensities in combination with tight focussing conditions of the
fundamental [39].
The yield of the harmonics depends on the phase mismatch of the fundamental and
the XUV. By minimizing the phase difference which occurs along the propagation
direction of the light the conversion efficiency is maximized since the atoms respond
coherently to the driving laser field. The minimization of the phase difference is
called phase matching. The phase mismatch between the fundamental and the
XUV generated along the propagation direction is described in an article by He et
al. [40] as
δΦq(z, t) =
∫
∆kq(z
′, t)dz′︸ ︷︷ ︸
1)
+ q · arctan( z
zR
)︸ ︷︷ ︸
2)
+αjI(z, t)︸ ︷︷ ︸
3)
. (3.5)
The three terms adding to the phase mismatch have the following origins [29]:
1): The first term accounts for the phase which was accumulated during the prop-
agation of the fundamental and the XUV in the partly ionized nonlinear medium.
∆kq is rewritten as ∆kq = kXUV − kfund to account for the dispersion within the
nonlinear medium due to the presence of neutral atoms and free electrons which all
depends on the ionization yield (plasma density).
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2): The second term accounts for the focussing of a Gaussian beam which introduces
the geometrical Gouy phase. zR is the Rayleigh length of the fundamental and q is
the q-th harmonic.
3): The third term with the driving laser intensity I and the proportionality constant
αj (< 0) which is small (large) negative for short (long) trajectories for a certain
harmonic [40–42]. The trajectory depends on the position within the nonlinear
medium with respect to the focus of the fundamental. The case where the medium
is placed before (behind) the focus along the propagation axis corresponds to longer
(shorter) trajectories.
800 nm 400 nm
80 nm
Delay stage
Figure 3.4 Schematics of the HHG setup including the analysis chamber of TREx.
Solid lines depict the laser beams for the trARPES measurements. Optionally a BBO
can be inserted into the pump line to produce SHG. CATIA drawing and rendering done
by T. Ka¨lin.
Tight focussing geometries are typically required for the relatively low pulse energies
delivered by high repetition rate systems. In the following paragraphs, the scaling of
the experimental parameters is put into perspective for the system built (see figure
3.4) during the thesis [29, 43].
• The laser power that defines the intensities which can be reached within the
interaction region. It directly influences the wavevector mismatch ∆kq(z, t)
because it defines the degree of ionization of the gas medium and the phase
which is added up along the propagation direction. See term 1 of equation 3.5
22 3 TREx: HHG and time-resolved photoemission experiment
• The focal length f is a scaling parameter for a given beam diameter D. Consid-
ering the tight focussing, f is decreasing, the Gouy phase mismatch increases
considering the term 2 of equation 3.5 and the corresponding Rayleigh length
zR =
2 · λ
pi
·
(
f
D
)2
(3.6)
becomes smaller. This fact seems to prevent phase matching conditions. How-
ever, it is possible to achieve phase matching by scaling the pulse energy Ef
and the gas pressure p accordingly [39]. The focussing also defines the field
intensities in the interaction volume.
• The gas pressure acts directly on ∆kq(z, t) since it defines the density within
the interaction volume. Another point worth mentioning here is the reabsorp-
tion of the XUV by the gas even if it is not relevant for phase matching but
the conversion efficiency. For this reason, one uses a low pressure or a small
interaction volume to minimize the self-absorption.
The parameters used for the system which is presented here are explained in section
3.5.
3.3 High harmonics generation
3.3.1 Laser System
The light pulses are produced by a commercial femtosecond oscillator (Coherent
Mira, 76 MHz) and amplified with a regenerative amplifier (Coherent RegA 9050).
The oscillator is a passively mode-locked Kerr-lens Ti:sapphire oscillator, which is
pumped by a 5 W pump laser (Verdi V5). The light pulses from the Ti:sapphire
oscillator pass a grating stretcher setup (Coherent EC9100) with positive dispersion
before seeding the regenerative amplifier which is pumped by a 10.5 W pump laser
(Verdi V10). After the chirped pulse amplification (CPA), the pulses are sent back to
the compressor to compensate for the initial broadening of the pulses with negative
dispersion. The repetition rate can be tuned between 10− 300 kHz. Figure 3.5
shows the laser system. For the measurements with the HHG pulses (cf. section 3.4),
the repetition rate is set to 100 kHz which delivers pulses with a wavelength of 800 nm
and a pulse energy of 6µJ. The temporal width of these pulses is 56 fs measured
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and analyzed with a commercial frequency-resolved optical gating (FROG) setup
from Swamp Optics. The spectral width of 27 nm is measured with an optical
spectrometer USB2000+UV-VIS from Ocean Optics.
Figure 3.5 Schematic laser setup for the tr2PPE measurements. Three beamlines are
available depending on the constraints of the experiment. The dotted lines depict two
beamlines which are not essential for this work whereas the solid lines show the setup
for the trARPES experiments with the HHG light. Detailed information on the laser
equipment can be found in section 3.3.1.
Three different laser beamlines are set up on the optic table to perform trARPES
measurements with the photoemission endstation TREx (cf. section 3.4).
1: The laser pulses sent into the optical parametric amplifier (OPA) pass a beam
splitter where one beam part is frequency doubled via second harmonic generation
(SHG) in a beta barium borate (BBO) crystal and the second beam generates a
white light spectrum in a sapphire crystal. Both beams are then focussed into a
second BBO where the SHG beam (pump) and the white light continuum (signal)
need to be overlapped spacially. The white light is temporally dispersed. The timing
and BBO phase matching determine the signal wavelength. Three laser beams are
the result of this process which then can be used for experiments. One of them is
the signal with a central wavelength between 480 nm and 700 nm, the second one is
the remaining of the SHG pump, and the third is the so-called idler which is in the
range of 930−2300nm depending on the signal wavelength.
2: Another setup is 1.55 eV pump and 3.1 eV/6.2 eV probe. Therefore the funda-
mental is split by a beam splitter where the 800 nm is sent via delay stage as pump
to the sample whereas the other beam is used to generate the second (SHG) or
fourth harmonic (FHG).
3: The solid lines in figure 3.5 represent the light paths used for the experiments
with high harmonics. The fundamental is frequency doubled in a 150µm thick BBO
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which is used to pump the Ar+ gas target with 2µJ at 100 kHz. The remaining
intensity (1.5µJ) from the fundamental after the SHG is guided to the delay stage
and then to the solid in the analysis chamber to pump the sample.
3.3.2 HHG chamber
The HHG chamber is the first chamber of a series of three chambers where the SHG
beam of the table top laser system is fed into UHV. Three important aspects need
to be considered to design this chamber.
400 nm
80 nm
Figure 3.6 The HHG chamber with the second harmonic (400 nm) used to generate
the 10th-harmonic (80 nm) in Ar+ gas. The second harmonic is blocked by a 200 nm
think Indium filter (orange color) mounted in a CF40 VAT valve. CATIA drawing and
rendering done by T. Ka¨lin.
Focussing: The process of HHG is driven by large electric fields within the inter-
action volume of the light and the noble gas (cf. section 3.2). Larger fields can be
generated by harder focussing of the beam. The current setups are divided between
loose [44] and tight [39] focussing versions. The relatively low pulse energy delivered
by our setup requires a tight focussing geometry. Different combinations of glass
nozzles and lenses were tested (cf. table 3.1) to find an optimal combination of gas-
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Focal length f Nozzle diameter d Sample current I Pressure p
50 mm 50µm 0.15 nA 1.6 ·10−3mbar
75 mm 50µm 0.04 nA 1.6 ·10−3mbar
50 mm 25µm 0.012 nA 5.9 ·10−4mbar
38 mm 25µm 0.005 nA 5.9 ·10−4mbar
Table 3.1 Test of the HHG efficiency with different lens and nozzle combinations. For
all combinations a pulse energy of 1.6µJ was used.
light interaction volume and focal length. In our present setup, the 400 nm pump
beam is focussed with a fused silica (FS) lens f = 50 mm.
Gas jet: Gas filled capillary waveguides [45] and gas jet forming glass nozzles [46]
are currently the main tools to form a dense gas-light interaction volume. The choice
depends mostly on the focussing geometry. A loose focussing version generates big-
ger Rayleigh length (cf. section 3.2, equation 3.6). Therefore the gas volume needs
to be larger along the light propagation axis where a gas-filled capillary waveguide
is the best choice. The tight focussing geometry from our setup requires a smaller
interaction volume considering the Rayleigh length of zR = 40µm. By testing mul-
tiple different cylindrical glass nozzle sizes as mentioned in the latter paragraph, the
highest conversion rate achieved was with a nozzle opening diameter of 50µm at
backing pressures of the order of 2.5 bar.
Pumps: The pressure difference between the mirror chamber and the HHG chamber
needs to be enough not to damage the 200 nm thin Indium foil placed in the window
mount of the VAT valve separating the two chambers and to prevent the XUV to
be reabsorbed after generation. A Pfeiffer HiPace 700P without Holweck stage to
prevent overheating due to the pumping of the Argon gas pumps the HHG chamber
with a pumping speed of 665 ls−1. During the generation of high-harmonics the
operating pressure is ∼ 10−3 mbar and in the mirror chamber ∼ 10−9 mbar.
3.3.3 Mirror chamber
The mirror chamber could also be called monochromator chamber since the comb of
several discrete photon energies produced by the HHG process needs to be filtered
to have only one harmonic to be focussed on the sample.
26 3 TREx: HHG and time-resolved photoemission experiment
a) b)
Figure 3.7 Mirror chamber with HHG beam on a) the multilayer mirrors to guide the
light to the sample in the analysis chamber. b) The diffraction grating can be moved into
the beam path to redirect the harmonics onto the PSD. CATIA drawing and rendering
done by T. Ka¨lin.
Toroidal diffraction grating and position sensitive detector (PSD): By
reflecting all the harmonics (cf. section 3.2) from a toroidal diffraction grating onto
a PSD (x-y resolved detector) one can record the spatially resolved harmonics [47].
The PSD consists of a Copper resistive anode with x-y resolution and a micro channel
plate (MCP) to amplify the signal. The information obtained is used to check which
harmonics are generated and the intensity of the individual harmonics.
Mirrors: The simplest way to obtain a spectral selection of the harmonics is via
multilayer (ML) mirrors [48]. At normal incidence of the light the time duration of
the pulse does not change up to few femtoseconds [49], but it has a disadvantage of
the spectral selectivity requiring multiple sets of mirrors to cover the whole spectral
range if the setup delivers a large spectrum. It has been shown that ML mirrors can
be designed to be tuned and therefore act as a tunable monochromator [50]. Another
version is the time-preserving monochromator [51] with one grating to have spectral
selectivity and a minimum of temporal broadening. A more complex version is the
time-delay compensated monochromator where at least two diffraction gratings in
subtractive configuration compensate for the dispersion [52]. Because the selection
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for many harmonics is not the case for us we employed two ML mirrors in a Z-
configuration optimized for maximum reflectivity at 80 nm and a reflection angle of
14.5◦ at each mirror.
Mirror holders: The mirror holders mounted in the mirror chamber are electroni-
cally motorized tip-tilt optical mounts for 2-inch optics from SmarAct. The tip-tilt
directions can be controlled from outside the chambers with a control unit with-
out breaking the vacuum. The alignment can be optimized by observing the PES
signal.
3.3.4 Detection of XUV
The XUV detection and characterization is done via reflection from a diffraction
grating onto the PSD which is a suitable tool to spatially disperse and allows the
individual intensities of the harmonics to be determined. The reflection angle on
the toroidal diffraction grating used in our setup is shown in figure 3.8. By knowing
the incidence angle on the grating and the position on the PSD, the harmonic
number can be determined. The harmonic order as a function of the incidence α
and diffraction angle β can be written as
mNλ = sin(α) + sin(β) (3.7)
wherem is the diffraction order, N = 1
d
the inverse grating constant (here 1100 mm−1)
and λ is the wavelength. The second equation used for the grating is −α+β = 142 ◦
with −α0 = β0 = 71 ◦ for zero order.
In everyday usage of the HHG setup and because a single HH is generated it would
be redundant to tune the flux of the XUV from the HHG by observing the signal
on the PSD. Therefore we installed an aluminum target on a linear drive which is
then connected to a picoamp meter. The target can be moved in and out of the
beam to conveniently monitor the sample current resulting from the XUV hitting
the target while adjusting the parameters influencing the phase matching of the
HHG process.
The detection of the XUV and the procedures to overlap the pump and the probe
beam for the time-resolved photoelectron spectroscopy in the AC will be explained
in detail in section 3.5.1.
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Figure 3.8 Reflection of several harmonics from the toroidal diffraction grating onto
the PSD as a function of the incidence angle of the light onto the grating. The black
solid lines enclose the window of detection of the PSD. The harmonic order of the light
can be distinguished by varying the incidence angle. Different high-harmonic (HH)s are
displayed for various diffraction orders. The first order HHs which are detected with the
PSD are indicated in the figure.
3.4 Photoemission endstation: TREx
The main goal of this thesis was to build a new photoemission endstation combined
with an HHG light source to perform trARPES experiments covering the first SBZ
of solids in reciprocal space. The endstation constructed during this thesis is named
TREx (time-resolved experiment) and it consists of three main chambers. Figure
3.9 shows a rendering of TREx.
Load lock (LL): The LL is the sample entry lock chamber to introduce the sample
from air to ultra high vacuum (UHV). It is vented to bring new samples to the UHV
system and pumped down with a turbo molecular pump (TMP). It consists of a
simple CF63 cube with a linear transfer arm (three sample positions) attached to
transfer the sample into the preparation chamber.
Preparation chamber (PC): The PC is used to prepare the samples for the
experiment. It is equipped with two sample positions on a long linear transfer
arm to transfer the samples into the analysis chamber. The sample holders can be
fixed on the positions to cleave them but also clean the surfaces by repeated Ar+
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Figure 3.9 Illustration of TREx with the three main chambers: Load lock, preparation
chamber and analysis chamber. CATIA drawing and rendering done by T. Ka¨lin.
sputtering and anneal cycles. Monolayers of boron nitride can be prepared, and the
samples can be treated with various gases like, e.g. oxygen. Low energy electron
diffraction (LEED) can be done to check the surface quality of the preparation.
Analysis chamber (AC): The main chamber of the photoemission endstation is
the AC where the measurements on the sample are performed. The home-built
five-axis sample goniometer of the manipulator allows sample orientations in any
arbitrary direction. With this manipulator, emission in any direction in the full
hemisphere above the sample can be mapped. The sample can be biased by applying
a voltage, and the photoelectron yield can be determined by recording the sample
current. A SPECS Phoibos 100 photoelectron analyzer records the trajectories of
the photoelectrons emitted from the solid.
By combining the HHG with T-REx, we obtain a powerful setup for trARPES
measurements. In figure 3.13 a rendering of the complete setup is shown. In the
HHG chamber the 5th harmonic of the driving laser (λ = 400 nm) is generated and
passes through a 200 nm thick In filter (cf. figure 3.10) which is placed in the window
socket of a VAT valve to block the second harmonic. The purpose of the metallic
window is two-fold. It blocks the 400 nm light and separates the HHG chamber and
the mirror chamber so that a pressure difference from 1.5× 10−3 mbar to vacuum
can be reached [53].
The divergent XUV light is collimated on a first, spherical mirror and focussed
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Figure 3.10 Transmission curve for a 200 nm thick indium foil. Transmission window
12 − 16 eV with a transmission of 25 % at 15 eV. Data taken from [54].
on the sample in the AC by a second, toroidal mirror. The design of the ML
mirror combination is done in collaboration with OptiXfab [55]. The best mapping
performance is given for a toroidal-spherical mirror combination (cf. figure 3.11)
which images a 1.42µm source spot onto a circle of 2µm diameter on the target
thus a slight magnification of about 1.4 occurs.
0
.0
0
5
 m
m
Figure 3.11 Zemax OpticStudio ray-tracing calculations done by OptiXfab for a
spherical-toroidal mirror combination. The mapping performance is done assuming a
source size spot of 1.42µm. The spot size on the target is simulated to be 2µm. The real
final spot profile is obtained by convoluting the true source profile with this spot profile
resulting in a source magnification of ∼ 1.4.
The reflectivity of the XUV ML mirrors was measured at the Physikalisch-Technische
Bundesanstalt (PTB) to be 33 % for 15 eV (82 nm). Considering the transmission
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of 25 % through the indium thin film and the reflectivity of the XUV ML mirrors
the transmission of the full beamline is about 3 %.
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Figure 3.12 Reflectivity curves measured at Physikalisch-Technische Bundesanstalt
(PTB) by OptiXfab for the XUV mirrors used in this setup. The angle of incidence for
these measurements was 7◦.
The third chamber of the HHG setup is the connection between the HHG and TREx.
It is a simple CF63 UHV cube which is separated from the AC by a pneumatic VAT
gate valve which also acts as a security valve in case of a pressure burst due to
damaging of the In foil. The pump beam for the tr2PPE measurements enters
the cube and is reflected on a D-shape broadband mirror which covers a range of
200−1100nm with a reflectivity of at least 80 % for the whole range. The pickup
mirror is mounted on a home-built linear transfer to position the mirror as close as
possible to the XUV beam without cutting. The goal is to have the pump and the
probe beam collinear which is not easy to achieve because of the strong divergence
of the XUV beam with a diameter of about 10 mm close to the D-shape mirror.
The smallest deviation for both beams can be realized by bringing the D-shape
mirror close to the XUV beam and placing the pump beam close to the edge of the
broadband mirror.
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3.5 Commissioning: HHG and TREx
The second harmonic seeding the HHG delivers 2.8 ·1017γ/s. The photon flux in the
XUV beam (assuming a quantum efficiency of 10−1 [56]) is estimated at 1.3 ·1010γ/s
by measuring the sample current on the aluminum target placed in the mirror cham-
ber. Considering a transmission of 25 % through the In filter, 5 ·1010γ/s are gener-
ated. This then leads to a conversion efficiency of 1.8 ·10−7 which is in line with the
reported conversion efficiencies of a single harmonic generated in argon [39, 46, 57].
The number of photons per second on the sample surface can then be found by
considering the reflectivity of the XUV mirrors (cf. figure 3.12) of 33 %. We obtain
about 5.5 ·109γ/s (or 5.5 ·104γ/pulse) on the sample surface.
3.5.1 Spatial and temporal overlap
Pump-probe measurements require spatial and temporal overlap of the laser pulses.
Therefore two samples are mounted on the manipulator in the AC to overlap the
pulses. The first one is a YAG crystal to do the spatial overlap and the second one
is a GaAs(111) sample to find the temporal overlap.
Spatial overlap: By integrating for 30 s with a CCD camera which is attached on
the AC the XUV spot of the HHG on the fluorescent YAG crystal can be recorded
(cf. figure 3.14). This spot can be marked, and the pump (e.g. 800 nm) spot can
then be moved onto the same spot to achieve spatial overlap. The size of the beam
spots can be measured in pixel, and with the help of a reference size in the chamber,
the pixel can be converted to µm. The spatial overlap can be optimized on GaAs
once the temporal overlap is determined.
Temporal overlap: GaAs is useful to find the temporal overlap for a tr2PPE
setup. We denote this position of the delay line by t0 (time delay zero). Delay scans
on the GaAs sample with the 800 nm (or 400 nm) pump and 400 nm driving laser
from the HHG as probe, the delay line position when both pulses hit the sample
simultaneously (t0) can be determined (cf. figure 3.15). This is a quick method
to find a new time zero in case dispersive elements, e.g. lenses, waveplates,... are
inserted into the beamline and therefore t0 shifts. Time zero can be determined
with a precision of roughly 50 fs. However, this method of femtosecond absorption
saturation [58] on the GaAs sample cannot be applied with XUV since the valence
bands (light hole and heavy hole bands) close to the Fermi energy are not visible
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a) b)
c) d)
Figure 3.14 CCD camera recordings of the a) XUV and b) 800 nm pump spot on the
YAG crystal. With the conversion of [µm] = 9.4 · [px] a FWHM spot size of 133±7µm
(2ω = 226±11µm) for the c) XUV and a FWHM spot size of 419±5µm (2ω = 712±9µm)
for the d) 800 nm pump beam spot are calculated where 2ω denotes the full width at 1e2 .
at the XUV wavelength used. The temporal overlap for the 800 nm pump and
XUV probe is done with the 800 nm and the 400 nm driving laser of the HHG on
GaAs. The generation of high harmonics is not assumed to shift time zero which
is verified by measuring transients on the topological insulator Bi2Se3 which shows
a long living surface state (lifetime of 10 ps) which can be effectively pumped with
infrared radiation (IR). A detailed section on Bi2Se3 can be found in chapter 5.
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Figure 3.15 Time traces recorded in a pump(λ1)- probe(λ2) scheme with a) λ1 =
800 nm, λ2 = 400 nm and b) λ1, λ2 = 400 nm on GaAs(111). Left: Energy-distribution
curves (energy-distribution curve (EDC)) integrated over the full angluar window of the
spectrometer (cf. section 3.4) plotted versus the time delay between the pump and the
probe pulse. Integration time per delay point was 7 s and 1 s respectively. Right: Time
traces of the integration windows indicated in the EDCs on the left side. Time zero (both
pulses arrive at the same time) is marked as t0.
3.5.2 Energy resolution
After the installation of the XUV mirror pair, a first static measurement was done
on Cu(111). The choice for this specific single crystalline metal has two reasons.
It is easy to prepare since it only requires a few sputter and anneal cycles [59]. It
also has a sharp Shockley type surface state (SS) with an FWHM of 70 meV [60] at
room temperature. The energy resolution for our light source could be calculated
from the line width of the surface state to be ∆E = 198±3 meV and is displayed in
figure 3.16.
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a) b)
Figure 3.16 Static ARPES data acquired with XUV photons from Cu(111) after
installation of the first mirror pair. a) ARPES spectrum of Cu(111) integrated over
7 min. The three lines indicate the cut positions for the spectra in b). b) Energy cuts for
three different slices around normal emission focussed on the surface state. A gaussian
fit with a linear background was used to fit the data. The full width half maximum
(FWHM) for all three spectra including the errors were calculated. The energy resolution
of ∆E = 198±3 meV is then extracted by the arithmetic mean of all three FWHM.
3.5.3 Temporal resolution of IR pump - XUV probe
The determination of the temporal resolution of the experiment is a critical param-
eter. A standard procedure to define a pulse duration is to measure the dynamics of
hot electrons on a metallic surface. The cross-correlation signal from the trARPES
can be fitted by a Gaussian where the time resolution of the experiment can be de-
termined. The fluence of the pump laser beam needs to be in the range of 30µJcm−2
to generate hot electrons [61]. This experiment has been performed on an Au poly
surface which has been sputtered to remove residual atoms on the surface.
It was not possible to detect a hot electron gas with a pump-probe scheme even by
pumping the sample with 500µJcm−2. The best estimation of the time resolution for
the present setup is evaluated on the bulk conduction band of Bi2Se3. The electrons
from the valence bands are excited into the bulk conduction band at higher kinetic
energy and relax energetically towards the bottom of the bands [62]. The time
traces of the electron dynamics at 0.7 eV above the Fermi energy can be fitted with
a Gaussian convoluted with an exponential (cf. equation 3.8) where we can deduct
the FWHM of the Gaussian. The fitting function is
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f(t) = A ·
√
2
pi
· exp
(
σ2 − 4τ(t− t0)
4τ 2
)
·
(
1 + erf(−σ
2 − 2τ(t− t0)
2στ
)
)
(3.8)
with A as the amplitude, σ from the Gaussian, τ decay time, t time delay between
pump and probe and t0 the mean of the Gaussian.
a) b)
Figure 3.17 Temporal resolution of the pump-probe experiment with IR and XUV. a)
800 nm pump and XUV probe measurement. Integration window (white box) at 0.7 eV
above EF covers a height of 100 meV and a width of 4
◦. b) Time trace from the integra-
tion window indicated in a). The time trace is fitted with a gaussian convoluted with an
exponential (cf. equation 3.8) where the resulting FWHM of the gaussian is 103±26 fs.
3.6 Conclusions
The main objective of this thesis was the design and implementation of a high
harmonic generation light source at high repetition rates to perform time- and angle-
resolved photoelectron spectroscopy experiments.
The 5th harmonic of the driving laser with a photon flux of 5.5 ·104γ/pulse at 100 kHz
repetition rate and a photon energy of 15 eV could successfully be generated in Ar+
gas. For this purpose, the second harmonic of an amplified Ti:sapphire oscillator was
focussed into the noble gas acting as driving field for the high harmonic generation
process. The remaining fundamental after the second harmonic process is diverted
over the delay stage and brought to overlap with the high harmonic on the sample.
Together with the hemispherical electron analyzer, a working setup to perform time-
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and angle-resolved photoelectron spectroscopy with 100 fs time-resolution could be
implemented.
4 h-BN/Ni(111)
4.1 Introduction
Hexagonal boron nitride (h-BN) is the most common crystalline form of boron ni-
tride [63]. It consists of alternating boron (B) and nitrogen (N) atoms in a stoichio-
metric ratio of 1 : 1 and is isomorphic to graphite [64]. It has remarkable properties
like, e.g. high chemical inertness, large resistance to corrosion and high thermal
conductivity. Nowadays it is widely used in the industry in high-temperature appli-
cations (Tm > 3000 K) or as electrical insulator.
H-BN can be grown by chemical vapor deposition (CVD) as a two-dimensional
honeycomb layer on various metals like rhodium, nickel, palladium, ruthenium or
platinum. [65, 66]. Under UHV conditions boron nitride grows as a self-assembling
monolayer. Depending on the substrate and on the lattice constant of the material,
h-BN grows as flat [67] or as a corrugated layer. The latter was named nanomesh
[68]. This large band gap insulator offers interesting properties to study materials
which can be deposited on top of the multi and monolayer boron nitride like graphene
[69, 70]. The adsorption geometry of a monolayer h-BN/Ni(111) and the valence
band structure were studied by means of x-ray photoelectron diffraction (XPD) and
ARPES [67]. Tr2PPE experiments revealed a long living interface state in between
the Ni(111) substrate and the h-BN single sheet [24]. On a metal substrate, it is
a two-dimensional material with a band gap of roughly 6 eV. The band gap of h-
BN on metallic substrates is expected to be indirect [71]. So far the pi∗-band of
h-BN/Ni(111) was only observed by means of inverse photoemission spectroscopy
[72]. The system h-BN/Ni(111) was chosen as a possible candidate for valleytronics
because the h-BN layer is flat [73] which minimizes umklapp scattering effects and at
the K-point of the surface Brillouin zone (SBZ) a valley in the unoccupied pi∗-band
is expected [16].
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4.2 Preparation and Characterization
4.2.1 Preparation of h-BN/Ni(111)
In this section, the preparation and characterization of h-BN on Ni(111) is shown.
All preparation steps were performed in UHV at a base pressure of 8 ·10−10 mbar.
The characterization and quality check of h-BN/Ni(111) was done by means of UV
photoelectron spectroscopy (UPS), ARPES, XPS and XPD.
σ
Figure 4.1 Left: UPS spectra with He Iα measured at T-REx to determine the amount
of borazine needed to prepare a monolayer of h-BN on Ni(111). Right: Peak integrals
of the σ-band of h-BN as reference for different dosages. The σ-band is indicated in the
UPS spectra.
In a first step, the single crystalline metal substrate is cleaned by repetitive cycles of
sputtering and annealing. The sample surface was sputtered with Ar+-ions (500 V)
for 20 min and subsequently annealed at 1070 K. In order to remove residual carbon,
the cleaning of the Ni(111) was done with oxygen dosing (1 L) cycles in between the
sputtering and annealing which binds the carbon and is removed more easily. From
the XPS spectrum shown in figure 4.2 the contamination of the sample surface could
be determined to be below 1 %. After the cleaning steps, the sample was held at
1070 K for the deposition of boron nitride. The liquid (borazine B3H6N3) is stored
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in a home built-glass vial which is constantly cooled by a Peltier cooler. The Ni(111)
surface is exposed to borazine vapor at a pressure of 4 ·10−7 mbar for 20 min to grow
a monolayer of h-BN. The amount of borazine which needs to be dosed depends on
different factors but especially on the temperature reading. The growth of h-BN on
a metal substrate by self-assembly is self-terminating after 1 ML. The UPS spectra
for different dosages are shown in figure 4.1. The intensity of the characteristic σ-
band in normal emission does not increase once a full monolayer has grown. and a
work function of ∼ 3.6 eV is reached. In the TREx preparation chamber, a dose of
400 L was calculated.
4.2.2 Chemical analysis
After the cleaning of the Ni(111) substrate the sample was checked with XPS for
residual contamination by carbon (C) and oxygen (O). All XPS data were recorded
with Si Kα (hν = 1739.5 eV) to prevent overlap of the characteristic N1s peak with
the Ni LMM Auger electrons. The full XPS spectrum is shown in figure 4.2.
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Figure 4.2 XPS overview from the bare Ni(111) substrate after cleaning, measured
with Si Kα (hν = 1739.5 eV). No characteristic core-level peaks of contaminants (O and
C) are visible.
After the preparation, another set of XPS spectra is taken to check the stoichiometry.
The corresponding B1s and N1s spectra are shown in figure 4.3. These peak areas
then are normalized by the cross-sections σB = 0.0055 and σN = 0.02 for the
photon energy of hν = 1739.5 eV [74]. Boron (B) and nitrogen (N) are present in a
stoichiometric ratio of 1 : 0.98 which is very close to the ideal ratio of 1 : 1.
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Figure 4.3 XPS data of N1s (pink, open triangles), B1s (green, open squares) and Ni2p
(blue, open circles) after the deposition of a monolayer of boron nitride. The spectra
are background corrected by a Shirley background. Data recorded with Si Kα (hν =
1739.5 eV)
4.2.3 Structural information
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Figure 4.4 XPD patterns of h-BN on Ni(111) recorded with Si Kα x-ray source (hν =
1739.5 eV). a) Ni2p 3/2 emitter (Ekin = 887 eV) b) N1s (Ekin = 1550 eV) c) B1s
(Ekin = 1342 eV)
An XPD pattern recorded at the kinetic energy of the Ni2p 3/2 emitter is shown
in figure 4.4a). The diffraction pattern shows the three-fold symmetry which is
expected from the (111) crystal orientation from the face centered cubic (fcc) metal.
With this information, the high symmetry directions of the sample can be found.
The XPD pattern of N1s and B1s are displayed in figure 4.4b and 4.4c. The difference
between these patterns indicates that the monolayer is slightly corrugated [73]. If
that were not the case, we would expect a similar N1s pattern as B1s, with three
forward focussing spots at ≈ 85 ◦ polar angle. The forward scattering intensity is
concentrated on the B1s pattern which indicates that the nitrogen atoms sit slightly
higher than the boron atoms. The ring-like structures in the N1s pattern indicate
first order interference cones which are mapped as rings from the stereographic
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projection. The stacking of the h-BN layer is (N,B)=(top,fcc) which is defined by
the forward scattering maximum for B1s at the high symmetry direction [112] [75].
Detailed information on the XPD patterns from h-BN/Ni(111) can be found in Refs
[67, 73, 75].
4.2.4 Work function and valence bands
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Figure 4.5 Fermi edge and secondary cut-off measurement for a monolayer of h-BN on
nickel taken with He Iα (hν = 21.2 eV) photons. The work function of Ni(111) is reduced
from 5.3 eV to 3.68 eV after the deposition of boron nitride.
The sample work function is a first indication of the quality of the h-BN film prepared
on Ni(111). The work function of φ = 5.3 eV of bare Ni(111) is reduced to 3.68 eV
[24] when covered with a monolayer of h-BN. It can be measured with the helium
discharge lamp by applying a voltage to the sample and measuring the Fermi edge
and the secondary cut-off as shown in figure 4.5. Here we take the intersection of the
edge and baseline on the left side to determine the secondary cut-off. EF was found
by fitting a Fermi-Dirac distribution to the spectrum on the right. From equation
2.1 the work function φ = 3.68 eV can be calculated.
A second indication can be found in the valence band structure. h-BN/Ni(111) shows
a characteristic valence band structure dominated by the strongly dispersing σ- and
pi-bands of the boron nitride layer. The cross-section from He Iα (hν = 21.2 eV)
to He IIα (hν = 40.8 eV) favour the σ-band for He Iα or the pi-band for He IIα. In
figure 4.6 the valence band spectra for three different high symmetry points of the
first Brillouin zone and the two different photon energies are shown. For He Iα the
σ-band has a strong contrast whereas the pi-band appears stronger with He IIα. The
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Figure 4.6 Valence band measurements with He Iα, He IIα and HHG for the high
symmetry points of the SBZ. The valence band spectra reveal that the intensity of the σ-
and the pi-bands strongly depends on the photon energy used.
initial state energies are tabulated in table 4.1. The σ-band is located at −5.4 eV
and the pi-band at −10.2 eV at normal emission [65]. Moving further out in k-space
to the K-point, the pi-band moves up to −4.3 eV and the σ-band down to −11.6 eV
and −12.4 eV. The two different binding energies for the σ-band at the K-point refer
to the splitting of the band. At the M-point the σ-band is found at −8.2 eV and
the pi-band is at −5.5 eV. The full ARPES data are shown in figures 4.7 and 4.8.
The most interesting point is the pi-band at K which is the valence band maximum
of h-BN. From the initial state energy of −4.3 eV of the pi-band and the calculated
energy of 2 eV for the pi∗-band [16] the pi − pi∗ energy gap at K is expected to be
6.3 eV.
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E − EF Γ K M
σ-band −5.4 eV −11.6 eV / −12.4 eV −8.2 eV
pi-band −10.2 eV −4.3 eV −5.5 eV
Table 4.1 Binding energies of σ- and pi-bands of h-BN for the high symmetry points
in the SBZ.
a) b)Γ K K MΓ
σ
π
Figure 4.7 ARPES of h-BN/Ni(111) recorded with the low-pressure high-intensity
helium discharge lamp. σ- and pi-bands are indicated. a) He Iα data along Γ−K. b)
He IIα data along Γ−K−M.
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a) b)
Γ K KΓ
Figure 4.8 ARPES of h-BN/Ni(111) measured with hν = 21.2 eV from He Iα and
hν = 15 eV from the HHG. a) He Iα data along Γ−K. The area enclosed by the white
shaded part indicates the range which is measured with the HHG light source. b) HHG
data along Γ−K.
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4.3 Time-resolved measurements
In this section we present tr2PPE and trARPES measurements from a monolayer
of h-BN on Ni(111). The schematic of the laser setup used within this section is
displayed in figure 3.5. Different combinations of the fundamental 800 nm beam,
SHG and fourth harmonic generation (FHG) were used to record the data.
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Figure 4.9 tr2PPE data recorded with λpump = 808 nm (s-pol) and λprobe = 404 nm
(p-pol). Left panel: EDCs displayed versus time delay between pump and probe pulse.
The EDCs were integrated over the full angular axis of the photoelectron detector window.
Right panel: Two EDCs at t = 0 and t = −400 fs at normal emission are plotted.
In figure 4.9 the tr2PPE data from the h-BN/Ni(111) are displayed which were
measured with s-polarized 1.535 eV pump and p-polarized 3.07 eV probe with a bias
voltage of −5 V applied to the sample. In the left panel, the EDCs are displayed
versus the time delay between pump and probe. The EDCs were integrated over
the full angular detector window. In the right panel, two EDCs integrated over 5 ◦
at normal emission are shown. The curve at t = 0 shows two unoccupied states
(dotted lines) which correspond to the image potential state (IPS) and the interface
state (IS) [16, 24]. The IPS has a final state energy of 6.05 eV and the resonance
(IS & IPS) 4.47 eV. It has to be mentioned at this point that the work function for
this preparation was determined to be 3.68 eV as shown in figure 4.5. The origin of
the sudden cut-off seen at 4 eV in the EDCs still remains unclear.
The transient intensity of the resonance is shown in figure 4.10. The data were fitted
with a Gaussian convoluted with an exponential. The FWHM of the Gaussian is
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Figure 4.10 The transient intensity for the resonance is plotted with intensity (arb.u.)
versus time delay.
332 fs and the time constant is 65 fs. It was shown in Ref [24] that the resonance is
most pronounced at λpump = 810 nm and that the transient intensity is a Gaussian
when IS and IPS are in resonance.
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Figure 4.11 Schematics of the excitation paths. The EDCs are taken from figure
4.9. The red (circles) curve corresponds to t = 0 and the black (triangles) curve to
t = −400 fs. The IPS at 6.05 eV has to be pumped and probed by blue photons since
there is no dynamics. The resonance at 4.47 eV does show dynamics.
The level diagram in figure 4.11 explains the excitation paths of the unoccupied
states and the corresponding final state energies. The resonance at 4.47 eV shows
clear dynamics on top of a constant background of the two-photon photoemission
(2PPE) signal from 404 nm light (black curve). The resonance consists of the IS
and IPS which have the same final state energy for the photon energies used [24].
The IS is pumped by a red photon and probed by a blue photon whereas the IPS
is pumped by blue and probed by red. The image potential state at 6.05 eV does
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not show any dynamics what means that it has to be pumped and probed by blue
photons. Therefore, the initial state energy of the IS is 1.4 eV and for the IPS
2.98 eV. Considering the work function of 3.68 eV, the IPS is 700 meV below the
vacuum energy. The energies for the unoccupied states nicely fits the findings in
Ref [24].
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Figure 4.12 Time-resolved measurement with hν = 800 nm pump and 4hν = 200 nm
probe. Left panel: The EDCs integrated over ±5◦ around normal emission and the final
state energy is plotted versus time delay. Right panel: The data points (blue, open circles)
show the difference spectra of t0 and before t0. The EDCs used are indicated by the two
lines in the carpet to the left. The IS is found at E −EF = 1.496 eV and with a FWHM
of 260 meV.
The next step is to populate the unoccupied states with the fundamental (λpump =
830 nm/1.5 eV) and to probe with the FHG (λprobe = 207 nm/6 eV). By employing
this combination it should be possible to populate the IS with 830 nm and probe
with 207 nm. Calculations predicted the IS at 1.63 eV and 1.75 eV depending on the
spin of the electron [16]. The IS was measured experimentally by means of inverse
photoemission spectroscopy where an initial state energy of 1.75 eV and 1.85 eV was
determined [72]. At the same time, in tr2PPE experiments the IS was found at
1.51 eV above EF [24]. The different energies found for the IS is conjectured to be
an excitonic energy reduction. From the tr2PPE measurements we can determine
the binding energy of the unoccupied IS which should be roughly 1.5 eV above the
Fermi level because it has been shown that the resonance is 100 meV below the IS
[24].
The trARPES data from 1.5 eV pump and 6 eV probe is shown in figure 4.12. In
the left panel, the EDCs integrated over the full angular window of the detector are
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plotted versus time delay. The difference of the EDCs at t = 0 and t = −400 fs
at normal emission is illustrated in the right panel. It shows the populated IS at
E = 1.496 eV above EF with a FWHM of 370 meV on top of a background of hot
electrons indicated by the dotted line.
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Figure 4.13 Transient intensities at different energy positions. Left panel: Carpet
from figure 4.12 with larger energy range. The boxes (1)-(4) indicate the integration
region for the transient intensities to the right side. Right panel: Time traces fitted with
Gaussians convoluted with an exponentials. The purple trace (open squares) belongs to
the IS at 1.496 eV.
In figure 4.13, transient intensities integrated over certain energy ranges at normal
emission are shown. In the panel to the left, the same data as in figure 4.12 with
bigger energy window is plotted. The boxes indicate the integration areas for the
transient intensities at normal emission which are illustrated in the right panel. The
fits (black solid lines) reveal that curve (1) and (2) are Gaussians but (3) and (4)
show time constants of τ = 29 fs and τ = 43 fs, respectively.
The lifetime of the IS was experimentally verified to be 107 fs [24, 25]. From our
data set, we are not able to extract the same lifetime. The time constant for the
box (1), which corresponds to the IS, is 43 fs. However, the FWHM for (1)-(3) is
362 fs and gets reduced at (4) to 336 fs. Moreover, the maximum of the fit for (1)
and (2) is at 5 fs, for (3) at −31 fs and for (4) at −34 fs.
In an attempt to observe the unoccupied pi∗-band at K and to determine the nature of
the band gap we participated in a synchrotron beamtime together with Prof. Annick
Loiseau and carried out trARPES in our homelab. This particular experiment was
carried out with the HHG source in our lab and from h-BN single crystals at the
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TEMPO beamline at the synchrotron Soleil in France. In our lab the h-BN/Ni(111)
sample was pumped with 1.55 eV to excite the Ni3d electrons into the pi∗-band of
the boron nitride at K and probe the excited electrons with 15 eV. The calculated
initial state energy of 2 eV [16] and the experimentally measured initial state energy
of 2.2 eV [72] the pi∗-band at K suggest that the pump photon energy needs to be
increased. In future experiments, it is planned to extend the HHG setup in order to
have the availability of a tunable pump laser source by adding the optical parametric
amplifier (OPA). Then one would have the option to tune the pump photon energies
from 1.77 eV to 2.58 eV.
The experiment performed at TEMPO was done in collaboration with the group of
Prof. Dr. Annick Loiseau. The goal was to pump a pi−pi∗ transition at the K-point of
the h-BN single crystals [76] with 6.3 eV light and to probe with 120 eV synchrotron
radiation. The predicted energy gap in bulk h-BN for the pi−pi∗ transition is 4.5 eV
from LDA and 6.19 eV from GW calculations [71]. However, the experiment of
pumping the pi − pi∗ transition with 6.3 eV light did not reveal the unoccupied pi∗
band. Since DFT calculations are known to underestimate band gaps, the missing
dynamics could be attributed to low pump photon energies.
4.4 Conclusions
We did successfully demonstrate that a monolayer of h-BN on Ni(111) can be pre-
pared and characterized with the new photoemission setup TREx. The resonance of
the IS and IPS was populated with 1.535 eV and probed with 3.07 eV in the tr2PPE
experiment and observed at 1.4 eV above the Fermi level. The time constant of the
resonance is 65 fs. In Ref [24] it was shown that in order to observe the time con-
stants of the IS and IPS the wavelength have to be changed to 1.47 eV and 1.57 eV,
respectively. Moreover, the IS was populated with 1.5 eV and probed with 6 eV in
trARPES. The IS was found at the initial state energy of 1.496 eV with a time con-
stant of 43 fs. The IS was predicted to be at 1.63 eV and 1.75 eV [16], respectively,
depending on the spin of the electron. With inverse photoemission spectroscopy,
the IS was observed at 1.75 eV and 1.85 eV [72]. The different energy compared
with the value found is conjectured to be an excitonic energy reduction. In Ref [24],
the IS was observed by means of tr2PPE at 1.51 eV which fits our result. The pi∗
population at K with 1.55 eV pump and 15 eV probe could not be observed. The
calculated initial state energy of 2.2 eV [72] suggests that the pump photon energy
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needs to be increased. The tunability and extension of the pump photon energies is
planned to be done (see chapter 7).
5 Bi2Se3
5.1 Introduction
Atoms and their electrons can establish different forms of condensed matter. Such
states of condensed matter like crystals, magnets or superconductors can be at-
tributed to symmetries which spontaneously break [77]. The quantum Hall (QH)
state which was discovered in 1980 [78] describes a quantum state in a semiconduc-
tor which has no spontaneously broken symmetry but can be broken by an external
magnetic field. The quantum state only depends on the topology of the solid. The
QH effect requires cooling of the solid and a strong external magnetic field applied
to the two-dimensional electron gas to force the electrons only to travel along the
edges of the semiconductor where the two counterflows of electrons are spatially sep-
arated. The quantum spin Hall (QSH) state [79] is a newer class of topological states
which topologically differs from the QH state. QSH systems are insulating in the
bulk where the valence bands and conduction band are separated by an energy gap,
but on the boundary, they get metallic by forming a gapless edge or surface state.
The missing energy gap at the edges is topologically protected and is immune to
defects and perturbations. These topological insulators (TI) share similarities with
QH systems but differ in a specific point where the QH systems need an external
magnetic field to break the time-reversal (TR) symmetry, the TIs are TR invariant
and do not need an external magnetic field.
5.2 Topological insulators
The counter-propagation of electrons with opposite spin in QSH systems requires
spin-orbit coupling (SOC) which is strong in systems containing heavy elements.
The SOC in heavy elements is no guarantee that they are candidates for TIs. In
fact, only few of them turn out to be TIs. The mechanism which stays behind
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finding a TI candidate is the band inversion, proposed by Bernevig et al. [79] in
2006. In heavy elements, the SOC is so large that the p-type valence band orbital
can be lifted above the s-type conduction band orbital leading to band inversion.
Band inversion is illustrated in a tight-binding model calculation from [80] on Bi2Se3
in figure 5.1. One can observe by increasing the SOC (M=mass term) by moving
from right to left in the figure that a trivial Rashba pair is transformed into the
topological surface state (TSS) and unoccupied surface resonance (USR) by band
inversion.
Figure 5.1 Tight binding model calculation results of Bi2Se3 from [80]. The band
structure on the left (M= 0.3 eV) qualitatively represents the experimental observations
of the surface state and the conduction band. By moving to the left side, the mass term
M is increasing to simulate an increase of SOC. A trivial Rashba pair gets transformed
into the topological surface state and unoccupied surface resonance by band inversion.
Figure taken from Ref [80].
The two-dimensional topological insulator mercury telluride (HgTe) quantum well
was introduced by Bernevig et al. [79]. The HgTe quantum well was placed in
between cadmium telluride CdTe layers which has a similar lattice constant and
weaker SOC than HgTe. It could be shown that a minimum thickness of the HgTe
layer exists where the SOC becomes dominant, and the bands are inverted. The
band inversion in HgTe is illustrated in figure 5.2. A pair of one-dimensional edge
states are found at the momentum k = 0, where the dispersion of these states is
linear at the crossing point. The dispersion corresponds to a massless relativistic
fermion in one dimension. This picture can be extended to three dimensions where
the dispersion forms a Dirac cone which consists of a massless two dimensional Dirac
fermion.
Hsieh et al. [81] experimentally discovered in 2008 the first three-dimensional TI in
Bi1−xSbx. In 2009, Bi2Se3 one of the second generation TIs was reported by Xia et
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Figure 5.2 Illustriation of the two-dimensional TI HgTe. a) If the minimum thickness
(d> 6.5 nm) of the HgTe in between CdTe is exceeded the strong SOC in HgTe becomes
dominant and the bands H1 and E1 are inverted. b) The system then becomes a topo-
logical insulator with a surface state with linear disperstion at the crossing point (k= 0).
This figure is taken from [77].
al. [82]. This material also shows the band inversion at k= 0 forming a single three-
dimensional Dirac cone on the surface. Thus, Bi2Se3 is metallic on the surface and
insulating in the bulk. One of the most important aspects in view of applications is
the relatively large band gap of 300 meV which indicates TI behavior even at room
temperature [83].
5.3 Crystal and band structure of Bi2Se3
Figure 5.3a illustrates the rhombohedral unit cell crystal structure with the three
primitive lattice vectors t1,t2 and t3 of Bi2Se3. The unit cell, with the lattice con-
stants a = 4.143A and c = 28.636A consists of three stacked quintuple layers which
are bound by van der Waals forces [84]. The samples are prepared in UHV by scotch
tape cleaving where the termination is expected between the Se1 planes due to the
weak van der Waals bonding between the quintuple layers [85].
The first Brillouin zone is displayed in figure 5.3b. The four inequivalent time-
reversal-invariant momenta (TRIM) Γ, Z, F and L of the three-dimensional first
Brillouin zone are projected onto the two-dimensional first Brillouin zone of the
(111) surface resulting in the high-symmetry points Γ, M and M′. Particularly for
ARPES, the high-symmetry points Γ, M and M′ are of great interest.
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a) b)
Figure 5.3 Real and reciprocal space illustration of Bi2Se3. a) The rhombohedral
unit cell consists of three quintuple layers bonded by van der Waals forces and is defined
by the three primitive lattice vectors t1, t2 and t3. b) The three dimensional Brillouin
zone with the high-symmetry points Γ, Z, F, L and K projected onto the two-dimensional
surface Brillouin zone of the (111) surface with Γ, M and K. This figure is adapted from
[86].
The distance of ΓM is calculated by considering the primitive lattice vectors and
the lattice constants [87]:
t1 = (−a/2, −
√
3a/6, c/3) (5.1)
t2 = (a/2, −
√
3a/6, c/3) (5.2)
t3 = (0,
√
3a/3, c/3) (5.3)
In figure 5.4, Bi2Se3 band structure calculations of the (111) surface are shown [82].
Bi2Se3 only exhibits a bulk parity inversion at the TRIM Γ [86]. Due to the strong
SOC and the parity inversion, the bands at Γ of the (111) surface show non-trivial
behavior [88]. Thus, the bands at Γ are inverted and a Dirac cone is formed on the
surface.
Bi2Se3 is grown as n- or p-doped single crystalline sample. The crystals of Bi2Se3
are intrinsically n-doped due to the vacancies of Se atoms [89]. The p-type doping
can be accomplished by substituting roughly 1 % of the Bi atoms with Ca [90]. In
n-type Bi2Se3 a downward band bending from bulk to surface due to aging in UHV
was observed [91–93]. This band bending was found to extend 20 nm inside the bulk
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Figure 5.4 LDA band structure calculations of the (111) surface of Bi2Se3. Bulk parity
inversion at Γ and the strong SOC from a Dirac cone at Γ. This figure is taken from Ref
[82].
and the energy of the Dirac point changes by roughly 100 meV to higher binding
energies.
The samples used within the framework of this thesis are grown by the group of
P. Hofmann from the University of Aarhus. In figure 5.5 we present ARPES data
measured by C. Monney with the setup of P. Aebi at the University of Fribourg. The
measurements were done with 6.2 eV while the Bi2Se3 crystal was held at 70 K. The
partially filled TSS and BCB, displayed in figure 5.5a, indicate the n-type nature of
the sample. The energy gap between the BCB bottom and the Dirac point can be
estimated to be 200 meV. Figure 5.5b depicts an EDC at normal emission (k‖ = 0).
The work function (φ = hν − ∆E) could be determined to be 5.58 eV and the
position of the Dirac point is 280 meV below the Fermi level.
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Figure 5.5 ARPES measurement with 6.2 eV while the sample was held at 70 K. a)
ARPES data illustrated with the most prominent band structure features around Γ. The
energy gap between the Dirac point and the bulk conduction band (BCB) bottom is
rougly 200 meV. b) EDC from a) at k‖ = 0. The Dirac point is found to be at 280 meV
below the Fermi level and the work function is 5.58 eV. These data were taken by the
group C. Monney with the setup of P. Aebi at the University of Fribourg.
5.4 Previous time-resolved studies
This section covers a short summary of previous results which are relevant for the
discussion of the findings within the time-resolved section of the thesis. Carrier
dynamics of the surface state and bulk conduction band on a femtosecond timescale
play a major role for the understanding of our observations at the Γ and M point.
Electron dynamics of the TSS and BCB in p-type Bi2Se3 was previously studied
by Sobota et al. [62]. They could show using 6 eV probe that upon excitation
with 1.5 eV pump the completely unoccupied TSS and BCB are populated. The
electrons are excited to ∼ 1.3 eV above the Fermi level and relax quickly, triggering
a cascade of scattering processes and populating the TSS and BCB. The population
decay time constants of the TSS above the BCB bottom are in the order of 2 ps.
Remarkably, the BCB bottom is still populated at 10 ps as well as the TSS below
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the BCB bottom. The interpretation is that the BCB bottom acts as a charge
reservoir which slowly relaxes by interband scattering into the TSS on a time scale
of ∼ 6 ps.
A similar study was carried out on Bi2Te3 by Hajlaoui et al. [94]. Their trARPES
experiment was performed with similar photon energies (1.58 eV pump and 6.32 eV
probe). Unlike in Ref [62], these samples were n-doped. In n-type Bi2Te3, the TSS
and BCB are partially filled. Thus the dynamics of the interband scattering from the
BCB bottom to the TSS below EF is based on electron-hole recombination. They
showed that the TSS below the BCB bottom is refilled on the similar timescale of
∼ 6 ps as in Ref [62]. This suggest that the slow refilling of the TSS by interband
scattering could be a general property within the class of TIs.
5.5 TrARPES measurements
In this section, trARPES results at the high symmetry points Γ, M and M′ are
presented. The data in the following subsections is splitted into two parts. The
first subsection covers the electron and hole dynamics of the TSS and BCB at Γ.
The second part concentrates on the excitation of the BCB and the dynamics in the
occupied band structure at M and M′.
All time-resolved data were measured with p-polarized 1.5 eV pump and the p-
polarized 5th harmonic of the SH driving laser as probe (hν = 15 eV) at a pressure
of 1.6 ·10−9mbar in the AC during the measurements. Data sets with varying po-
larizations (s-polarized pump and/or s-pol probe) were taken as well but no change
of the results was observed. The sample was pumped with a photon fluence of
∼ 226µJ cm−2 and held at room temperature. The time and energy resolution for
this experiment could be determined to be 103 fs and 190 meV, respectively.
The band bending effect due to aging is assumed to be saturated (see section 5.3).
All measurements were performed over the course of eight days without observing a
shift of the TSS. The measurement geometry is illustrated in figure 5.6. The angle
of light incidence at normal emission is 45 ◦. In order to reach the M-point, the
sample was rotated towards the light source by 34 ◦. Thus, the angle of incidence is
reduced to 11 ◦. The sample needs to be rotated azimuthally 180 ◦, but the angle of
incidence remains unchanged to reach M′.
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Figure 5.6 Illustration of the measurement geometry. The angle of incidence at normal
emission is 45 ◦. M is reached by a rotation of 34 ◦.
5.5.1 Electron and hole dynamics of TSS and BCB
-300 fs 0fs 50fs 200fs 700fs 2000fs 7200fs
t
Figure 5.7 TrARPES at Γ for several selected time delays. The trARPES data for
t < 0 were averaged and subtracted to illustrate only the change in intensity. The same
intensity color scale is used for all plots. Red is intensity increase, blue decrease and white
is no change in intensity. Theoretical bands [80] were added. Here red and blue indicate
the opposite spins in the TSS.
In figure 5.7, trARPES data sets for seven selected time delays are introduced.
Each delay step represents a difference map between the actual time step and the
averaged spectra before time zero. The averaged spectra before time zero are used as
reference and referred to hereafter as ”onset”. At −300 fs the electronic system is at
equilibrium. Depletion due to excitation of the electrons from the valence bands and
partially filled BCB and TSS into unoccupied states starts with the pump pulse at
time zero and persists to large delays at 7.2 ps. The maximum depletion is reached
after the pump pulse. The unoccupied BCB and TSS close to and above EF are
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populated starting at roughly 50 fs and reach the maximum population at 700 fs. In
contrast to the depletion of the occupied states, the excited BCB and TSS above
EF are not populated anymore at 7.2 ps.
a) b)
τ=710fs
τ=3.02ps
τ=1.23ps
τ=2.63ps
τ=4.03ps
Figure 5.8 TrARPES data of the TSS and BCB. a) TrARPES map at Γ at t = 300 fs)
with the onset subtracted. Band structure calculations from [80] are superimposed in the
graph. Here red and blue indicate the opposite spins in the TSS. The energy alignment
of the band structure calculations is based on the findings for the Dirac point and BCB.
The color scale reflects intensity increase or decrease with red or blue, respectively. b)
Transient intensities of the integration windows marked in a.
In figure 5.8 and 5.9, the electron and hole dynamics for the TSS and the BCB
bottom at Γ are evaluated. Figure 5.8a displays the band structure at t = 300 fs
with the onset subtracted and divided by
∑
i I(E, ki‖). Band structure calculations
from Ref [80] were superimposed in the graph. The position of the Dirac point and
the BCB bottom were aligned according to the data shown in figure 5.5. Numbered
boxes define the integration areas of the time traces in the right panel. The time
traces 1-4 show that the TSS decays with a single exponential and that the closer
to the Fermi energy the larger are the time constants. The population decay time
constant for the time trace 1 could be determined to be 710 fs, time trace 2 is 1.23 ps,
time trace 3 is 2.63 ps and time trace 4 is 3.02 ps. The time constant of the electrons
from 4 and 5 is nearly identical. Integration areas 5 to 8 represent depletion and
the refilling of the holes. The BCB bottom (box 6) is refilled at roughly t = 700 fs
when the unoccupied part of the BCB (box 5) reaches the maximum intensity. Time
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trace 8 shows a slow refilling of the holes of the TSS with a time constant of 4.03 ps.
Time trace 7 seems to have two different timescales. This could indicate that the
integration range contains contributions from the fast process of the BCB and the
slow refilling of the TSS.
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Figure 5.9 Integration areas 1-8 plotted versus time delay. The color scale is chosen
to illustrate increase of intensity with red and decrease of intensity with blue.
In figure 5.9, the time traces 1 to 8 are plotted with the intensities being color-
coded. Box 1-5 shows the shift of the intensity maximum to larger time delays and
the increase of the time constant. By comparing integration box 5 and 6, it can be
seen that when the maximum population of the unoccupied BCB and TSS above
and close to EF is reached, the previously occupied BCB bottom is already refilled.
In contrast to that, the TSS below the BCB bottom is still being refilled.
5.5.2 High-symmetry points at the Brillouin zone boundaries
The trARPES measurements from the high-symmetry point M are shown in the
energy domain and in the time domain in figures 5.10 and 5.11, respectively.
Energy domain: The red and blue solid lines in figure 5.10 are EDCs after time zero
at M and M′, respectively, whereas the dashed lines depict the onset. The spectra
are divided by
∑
i I(E, ki‖) before time zero to enhance weak features above EF. The
normalization function is plotted as a guide for the eye. The energy range −2.2 eV to
−1 eV shows the depletion due to electron excitation into unoccupied states. Above
−1 eV, an increase of intensity at −0.6 eV and the unchanged intensity in the band
gap at −0.2 eV are observed. The increase of intensity at −0.6 eV is exaggerated due
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Figure 5.10 EDCs of the trARPES measurements at M and M′ integrated over an
angular window of 5 ◦. The data are normalized by the angle-integrated intensity before
time zero. This normalization function (green dotted line) is plotted as a guide for the
eye. The dashed curves are the EDCs at t< 0. The upper solid line (red) and the lower
solid line (blue) correspond to the EDCs at t = 200 fs at M and M′, respectively.
to the normalization. The width of the band gap is roughly 400 meV. The intensity
increase at 0.5 eV above the Fermi level can be attributed to hot electrons excited
into the BCB.
Time domain: The temporal evolution of the intensity is illustrated in figure 5.11.
In 5.11a), the depletion due to electron excitation from the valence band is shown.
The maximum of the depletion is reached after 200 fs and does not recover within
our measurement window of 10 ps. In 5.11b), an intensity increase is found at
−0.6 eV. The transient intensities for both high symmetry points M and M′ exhibit
two different timescales for the relaxation. Both timescales are indicated by the
dotted lines (1) and (2) as a guide for the eye. Timescale (1) resembles a typical
electronic excitation, reaching the maximum at 250 fs followed by an exponential
decay. The second dynamic (2) is reminiscent of thermal effects due to heating of
the lattice which reaches the maximum at roughly 3 ps. In 5.11c), the transient
intensity of the band gap just below the Fermi level at −0.2 eV is shown, which does
not show any dynamics. In 5.11d), the transient intensities at 0.5 eV above EF are
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plotted. They illustrate the dynamics of the unoccupied conduction band at M and
M′. The population decay time constants of the conduction band at M and M′ were
fitted to be 1.02 ps and 1.27 ps, respectively.
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Figure 5.11 Transient intensities from M and M′ at selected energies. Middle panel:
EDCs from figure 5.10 with shaded markers for the integration areas. Top EDC at M
and bottom EDC at M′. a, b, c and d: Transient intensities for the occupied band
structure (a and b), band gap (c) and the unoccupied BCB (d). The transients represent
intensities without normalization.
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5.5.3 Discussion
Electron dynamics at Γ
Figure 5.12 outlines a possible model for the dynamics at Γ.
a) b) c) d) e)E
EF
tt=0
t=150fs t=700fs t=10ps
τ=4ps
τ=700fs
Figure 5.12 Schematic of electron and hole dynamics at Γ after excitation with 1.5 eV
pump in n-type Bi2Se3. Adapted from [62].
a) At times t< 0 the complete electronic distribution is in equilibrium.
b) At t = 0, the electrons are excited into unoccupied states at higher energy by
the pump pulse. This distribution of hot electrons in the bulk appears as diffuse
features [62, 94] in the trARPES experiment.
c) The electrons then relax quickly down in energy by a cascade of scattering pro-
cesses. At 150 fs after time zero, the TSS at E − EF = 0.8 eV is already populated
and the transient population reached its maximum.
d) The electrons scattering towards the Fermi energy refill the depleted BCB bottom
within 700 fs which is equal to the instant of maximum electron population in the
unoccupied TSS and BCB close to the Fermi level.
e) Electrons accumulate at the BCB bottom. Therefore, the BCB acts as a charge
reservoir, slowly filling the TSS by interband scattering. It takes more than 10 ps to
completely refill the TSS. The slow recovery has a time constant of 4.03 ps. Hajlaoui
and Sobota presented similar results from Bi2Te3 [94] and p-type Bi2Se3 [62] where
they showed that the TSS has a population decay time constant of 5.7 ps respectively
6 ps.
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Electron dynamics at M
Diffusion and scattering In figure 5.13, the total electron yield of the occupied
states at M and M′ is shown.
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Figure 5.13 Total electron yield for the occupied states at M and M′ integrated over
the full angular window of the detector. The angular window covers 24 ◦, which is 0.55A
−1
or 63 % of the BZ radius. The dashed lines depict the average yield before time zero.
After 200 fs the maximum depletion due to the electron excitation by the pump
pulse is reached. The data illustrate that roughly 1 % of the electrons are excited
into states at higher energy. Even after 10 ps the depletion does not recover. The
fact that the intensity is not restored after 10 ps could be due to diffusion of the
excited electrons out of the probed volume or due to lack of relaxation channels of
the excited electrons in the BCB and TSS. The diffusion of the excited electrons
out of the probed volume was studied for metallic films of different thicknesses on
an insulating substrate [95]. It was shown that the excited electrons diffuse towards
the bulk. Bi2Se3 is a layered material with van der Waals bonding between the
quintuples and the bulk is insulating with charge carrier densities in the range of
5 ·1018 cm−3 [96] and 6 ·1019 cm−3 [97]. Conductivity measurements of nanowires
with different orientation show anisotropic transport properties with conductivity
along (111) cleavage planes which are∼ 250x better than perpendicular to the planes
[98]. Therefore diffusion towards the bulk is neglected here.
Another explanation is that the scattering rate from the BCB and TSS to the BVB
is extremely low. In figure 5.14, the schematic for such a relaxation of the excited
electrons to the BVB is illustrated. The scattering rate of 4.03 ps from the BCB
into the TSS was already discussed. The second time constant for the transition
from the TSS into the BVB could be expected to be above 10 ps by observing the
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Figure 5.14 Sketch of the wave functions of BCB, TSS and bulk valence band (BVB)
close to the surface. The relaxation channels and time constants for the excited electrons
are illustrated.
total electron yield of the occupied states at M and M′. Relaxation of the excited
electrons in the conduction band at M and M′ by electron-electron scattering is ruled
out due to the energy gap. We assume that the excited electrons scatter to the TSS
by phonons. We may conjecture that the overlap of the wave functions of the TSS
and BVB is small which limits the probability for the excited electrons to scatter
into the BVB as visualized in figure 5.14.
Conduction band In figure 5.15, the difference map of t = 200 fs and t < 0 at M
is shown. The diamonds and circles are band structure calculations from Ref [87]
for the high-symmetry directions ΓF and ΓL. The hot electron dynamics shown on
the right hand side of figure 5.15 correspond to those of the bulk conduction band.
The green triangles illustrate the position of maxima from the conduction band and
the bars indicate their FWHM. At the M-point, the conduction band is centered at
E − EF = 0.52 eV with a FWHM of 620 meV and shows a population decay time
constant of 1.02 ps. The energy position of 0.8 eV above the Dirac point at Γ is in
good agreement with the conduction band at M and M′ predicted in Refs [86, 87].
Broadening Furthermore, an increase of the intensity in the occupied states can
be observed in figure 5.15. This may either be due to a rigid shift or to a broadening
of the bands. The EDCs of t = 200 fs and t < 0 at M are compared in figure 5.16.
The data were fitted by a Gaussian with a polynomial background. The Gaussian
shows a peak shift of ∼ 1 meV and a broadening of 25 meV compared to 576 meV
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at M E-EF=0.52eV
Figure 5.15 Left: TrARPES at M for t = 200 fs with onset subtracted. The diamonds
and circles are band structure calculation from Ref [87] for the high-symmetry directions
ΓF and ΓL. The green triangles correspond to the position of the conduction band and the
FWHM is shown by the vertical bars. Right: The transient intensity for the conduction
band at M taken at 0.52 eV. The time constant is τ = 1.02 ps.
FWHM at t < 0. Therefore, the shift can be neglected but not the broadening
which is the apparent reason for the intensity increase.
The slow recovery of the intensity increase of the occupied states at M and M′ could
have several reasons.
(i): One of them is photoinduced band bending due to surface photovoltage (SPV).
It has been shown that the downward band bending in n-type Bi2Se3 extends to
20 nm into the bulk with a maximum amplitude at the surface of 0.26 eV [91, 93].
The band bending in Bi2Se3 is an aging effect due to contamination with the residual
gas [92]. Our experiments were performed within eight days after the sample was
cleaved in-situ and spectra at Γ were taken regularly without observing shifts in
the band structure. Therefore, we assume that the band bending due to aging is
saturated.
Figure 5.17 illustrates the SPV effect in the case for downward band bending. There-
fore, upon creation of electron-hole pairs, the band bending represents a potential
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Figure 5.16 EDCs for t = 200 fs (red circles) and t < 0 (black squares) at M. The
integration window of the EDCs was 5 ◦. The data were fitted by a Gaussian with a
polynomial background. The fitting result for t = 200 fs and t < 0 are the solid red and
dashed black line, respectively.
gradient. Thus, the charges are separated which leads to an accumulation of elec-
trons at the surface and holes in the bulk. The excess of electrons at the surface
reduces the band bending potential V BB by the surface photovoltage V SPV. As a
result, the bands observed in trARPES are expected to undergo a rigid shift [99].
As shown before in figure 5.16, no rigid shift was observed. Furthermore, the time
delay dependence of the SPV was studied for different semiconductors [100–102].
The results indicate that the timescales for the SPV are in the range of hundreds of
picoseconds. Thus, we rule out the SPV effect responsible for the intensity increase
in the occupied states.
(ii): A second explanation is based on lattice heating due to the pump pulse. The
impinging pump fluence for all measurements was 226µJ cm−2. In Ref [103], the
dielectric functions as function for bulk Bi2Se3 are given. For 1.5 eV pump photon
energy, the reflectance is 40 % and the penetration depth 26 nm [97]. The spot
size diameter was 420µm. Thus, the pulse energy of 0.188µJ is deposited in a
volume of 3.6 ·10−9 cm3. Moreover, with the heat capacity of 125 J mol−1 K−1 [104]
and 4 ·10−11 mol of charge carriers in the excited volume, a change of ∆T∼ 36 K for
the lattice is expected. In metals, the temperature rise of 36 K together with the
electron-phonon coupling parameter λ = 0.62 [105] would result in a broadening
of pi · λkB · ∆T ∼ 6 meV. Fraxedas et al. studied the temperature dependence of
photoemission peaks of bulk and surface states [106, 107] of III-V semiconductors.
At high temperature as compared to the Debye temperature (185 K for Bi2Se3 [108]),
the temperature dependence can be well approximated by a linear function. The
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Figure 5.17 Schematic of the SPV effect. The excitation of an electron by light leaves
an hole behind. Due to the natural downward band bending (V BB), the electron will
move to the surface and the hole into the bulk. This accumulation of electrons close to
the surface lowers the effect of the initial band bending by the photovoltage V SPV. Figure
adapted from [99].
proportionality constants are in the range between 0.1 and 0.5 for typical transitions
depending on DOS and final state contribution. Using 0.5 meV K−1 we obtain an
additional broadening of about 17 meV for a transient lattice temperature rise of
about 36 K. This is close to the value of 25 meV found in our experiments giving
evidence that the broadening is due to the increase in lattice temperature.
5.6 Conclusions
The topological insulator Bi2Se3, was the first system examined by pump-probe
technique with the new high harmonic light source.
It could be demonstrated, that the TREx setup with the high harmonic light source
is a suitable setup to measure out-of-equilibrium electron dynamics on solids. The
TSS at Γ could be populated by the 1.5 eV pump pulse and the relaxation of the
excited electrons was observed. The large time constants for the refilling of the TSS
below the BCB bottom can be attributed to the latter being a charge reservoir and
slowly releasing electrons to the surface state by interband scattering.
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At the high symmetry points M and M′, the population of the BCB at 0.52 eV above
the Fermi level was observed. The population decay time constant of the BCB was
found to be 1.02 ps. Furthermore, the depletion within the BVB was observed with
a time constant of > 10 ps. The large time constant is conjectured to be a result
of the excited electrons in the BCB not being able to relax by electron-electron
scattering due to the energy gap but by interband scattering to the metallic TSS by
phonons. The intensity increase due to a broadening of the BVB is conjectured to
be due to lattice heating. The broadening of the BVB of 25 meV is in a good order
of magnitude compared to the calculated broadening of 6 meV and 17 meV.
6 TBA/Au(111): Outlook for
time-resolved photoelectron
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6.1 Time-resolved photoelectron diffraction
The goal of a time-resolved photoelectron diffraction (trPED) experiment is to ob-
serve the dynamics of structural changes in real-time with chemical sensitivity and
femtosecond temporal resolution.
Photoelectron diffraction (PED) offers the possibility to study structural properties
of single-crystalline surfaces and ordered adsorbates. The emitted photoelectron can
be considered as a wave propagating through the crystal, which is scattered at the
atomic potential of the neighboring atoms (cf. figure 6.1a). In the far field, all the
waves coming from the same emitter interfere to form a diffraction pattern [22].
XPD is a particular case of PED, where the photoelectrons are excited with high
photon energies (typically hν > 500 eV) and the pattern is dominated by sharp
spots which correspond to the real-space vectors between emitter and scatterers.
The magnitude of the the scattered electron wave φs is defined by the form factors
f(θs). In figure 6.1b, the form factors for photoelectrons with a kinetic energy of
723 eV scattering off an oxygen atom or rhodium atom are illustrated. The scattering
is dominant in the forward direction θ = 0 because of constructive interference. This
phenomenon is known as forward focussing or forward scattering. Thus, the intensity
maxima in the diffraction pattern are the result of forward scattering.
The next step is photoelectron diffraction in a pump-probe scheme. This would allow
to observe changes of the real-space lattice vectors between emitter and scatterer in
real-time [109]. In view of observing molecular motion, one particular challenge for
time-resolved photoelectron diffraction is, that only a small fraction of molecules are
74 6 TBA/Au(111): Outlook for time-resolved photoelectron diffraction
Figure 6.1 a) Outline of the scattering process. The emitted photoelectron wave is
scattered at the neighboring atom. In the far-field all the waves interfere and form a
diffraction pattern. b) At high photon energies, the scattering amplitude with respect
to θs is largest for forward scattering. The sketch shows the form factor f(θs) for photo-
electrons with a kinetic energy of 723 eV scattered at a oxygen atom and rhodium atom.
This figure is taken from [22].
excited and change their structure. It has to be clarified if this method is sensitive
enough to observe these changes with a large background of unchanged molecules.
6.2 Model system: TBA/Au(111)
Organic molecules that undergo pronounced and reversible conformational changes
are an important functional class among molecules. They can be used in materials
and devices for interesting optoelectronic and optomechanical applications [110, 111].
A well-known molecule which changes the arrangement of the atoms when illumi-
nated with light is azobenzene [17, 112]. Azobenzene was found to adsorb on Au(111)
in ordered monolayers[113], but the photoswitching ability is not preserved. Reduc-
ing the binding to the surface by attaching four tert-butyl ligands to the phenyl
groups, allows the molecule to maintain the switching ability on a metal surface.
The photoelectron diffraction data of tetra-tert-butyl-azobenzene on Au(111) are
taken once in thermal equilibrium and once with illumination. The first data set
corresponds to an ensemble of mostly trans isomers. The photostationary state
(PSS) corresponds to a certain ratio of trans and cis isomers which depends on the
6.3 This work was published in Structural Dynamics 75
experimental parameters like e.g. temperature, illumination spectrum, illumination
intensity,... Thus, the second data set is taken after shifting the PSS to increase the
amount of cis isomers using a He discharge lamp. This allows us to generate differ-
ence maps which reveal the structural change between both isomers. Furthermore,
from those difference maps the fraction of excited molecules could be determined
for this particular experiment.
6.3 This work was published in Structural Dynamics
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Abstract
Electron diffraction is a standard tool to investigate the atomic structure of sur-
faces, interfaces, and adsorbate systems. In particular, photoelectron diffraction is a
promising candidate for real-time studies of structural dynamics combining the ulti-
mate time resolution of optical pulses and the high scattering cross-sections for elec-
trons. In view of future time-resolved experiments from molecular layers we studied
the sensitivity of photoelectron diffraction to conformational changes of only a small
fraction of molecules in a monolayer adsorbed on a metallic substrate. 3,3’,5,5’-tetra-
tert-butyl-azobenzene served as test case. This molecule can be switched between
two isomers, trans and cis, by absorption of ultraviolet light. X-ray photoelectron
diffraction patterns were recorded from tetra-tert-butyl-azobenzene/Au(111) in ther-
mal equilibrium at room temperature and compared to patterns taken in the photo-
stationary state obtained by exposing the surface to radiation from a high-intensity
helium discharge lamp. Difference patterns were simulated by means of multiple-
scattering calculations which allowed us to determine the fraction of molecules that
underwent isomerization.
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Introduction
Small organic molecules that undergo pronounced and reversible conformational
changes upon photoexcitation represent an important class of molecular switches.
They can be used as building blocks in materials and devices with promise for in-
teresting optoelectronic and optomechanical applications [110, 111, 114]. Adsorbed
on surfaces, they are of interest in the context of molecular electronics and smart
surfaces where they may introduce functionalities that can be controlled by light of
specific wavelengths. For this purpose one would like to characterize their switching
behavior in the adsorbed state in terms of structural rearrangements and structural
dynamics.
The photo-induced trans to cis isomerization in azobenzene along the N=N double
bond connecting the two phenyl rings is an early example of photo-switching [115,
116] that has been studied in great detail in solution later on [117]. Azobenzene was
found to adsorb on Au(111) in well-ordered monolayers [113]. However the photo-
switching ability of the molecule is not preserved, most likely due to the presence of
short-lived electronic states in the metal substrate, which dissipate energy before the
conformational change is finished [17]. The coupling to the surface can be reduced
by the attachment of four tert-butyl (TB) ligands to the 3 and 5 positions of the
two phenyl groups of the azobenzene molecule. These spacers allow the molecule to
maintain the switching ability on a metal surface. Indeed, the light-induced trans-cis
isomerization of tetra-tert-butyl-azobenzene (TBA) adsorbed on Au(111) has been
observed by scanning tunneling microscopy [17] and by two-photon photoemission
spectroscopy [112].
The pronounced structural changes in the TBA/Au(111) system associated with the
trans-cis isomerization have been studied experimentally by means of near-edge x-
ray absorption fine structure (NEXAFS) [118] and theoretically by density functional
theory (DFT) [119]. The trans isomer adsorbs in a nearly planar geometry with both
phenyl rings parallel to the surface. In the cis isomer one of the phenyl groups flaps
up by ≈ 30◦ while the second one finds itself perpendicular with respect to the
surface normal [118], as shown in Fig. 6.2 (bottom part). In the present work it
is explored to what degree this structural rearrangement can be detected via x-ray
photoelectron diffraction (XPD) [22], which can in principle provide very detailed
and precise information on adsorbate geometries [120, 121]. This is done in view of
future time-resolved XPD experiments with femtosecond resolution in a pump-probe
scheme [122, 123] that may shed light on the switching dynamics.
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Figure 6.2 Schematic diagram of the photoisomerization process: TBA adsorbed on a
Au(111) surface exhibits two different structural configurations, trans and cis. Since the
energy minimum of the cis isomer is significantly more shallow than the one of the trans
isomer, the net thermal transition rate drives the molecule towards the trans state [18].
The molecule can be switched between trans and cis by absorption of light as depicted
by the dashed arrows [112].
In XPD an electron is promoted from a core-level to a continuum of free-electron-
like states by absorption of an x-ray photon. The photoelectron wave propagates
from the emitting atom through the surface and is partially scattered by neighboring
atoms, thus generating an interference pattern by coherent superposition of direct
and scattered waves [22]. The angular intensity distribution is recorded as a function
of emission direction. At kinetic energies of a few hundred eV XPD patterns are
dominated by relatively narrow forward focusing peaks [124]. These diffraction
maxima are caused by small-angle scattering where the scattering form factor is
strongly peaked. Thus, these maxima in the photoemission intensity distribution
directly indicate real-space vectors between the emitter site and other atomic sites.
One particular challenge for time-resolved XPD studies of molecular switches will
be that, for low pump fluence, only a small fraction of the adsorbed molecules may
undergo the trans-cis isomerization, and that the isomerization dynamics will fol-
low many different trajectories. Since photoemission samples a macroscopic surface
area, the XPD pattern represents a superposition of many coexisting conformations
[122]. The goal of the present work is to compare the XPD pattern from a monolayer
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of TBA molecules on Au(111) in thermal equilibrium at room temperature with a
XPD pattern obtained from the same ensemble of molecules during exposition to
ultraviolet radiation from a continuous high-intensity source. The differences in the
patterns are related to conformational changes of the excited molecules. In combi-
nation with scattering calculations, the quantitative analysis of the XPD patterns
allows the fraction of excited molecules to be determined.
The trans isomer is the stable ground state of the azobenzene molecule, with the
cis isomer slightly higher in energy and separated by a high barrier in the potential
energy surface (Fig. 6.2, top part). In solution the absorption of ultraviolet (UV)
light (≈ 365 nm) can promote it to the cis state via pi → pi∗ (S2) excitation. The
reverse reaction can be triggered with high quantum yield by blue light (≈ 420 nm)
[116, 125] by n→ pi∗ (S1) excitation. Depending on the excitation wavelength and
light intensity, a so-called photostationary state (PSS) is established in an ensemble
of azobenzene molecules with a defined cis-to-trans ratio. Adsorbed on a surface,
the situation is different in that the absorption spectra change and any photon with
energy > 2 eV can trigger isomerization in either direction [18]. It has been shown
that the excitation proceeds predominantly via electron-hole pair creation in the
metal substrate followed by a positive ion resonance due to charge transfer of holes
from the substrate d-bands into the HOMO [126]. A more detailed discussion can
be found in Section 6.3.
Experiment
Data acquisition
The Au(111) surface was prepared by cycles of sputtering and annealing in order
to obtain a clean and highly-ordered surface. The surface quality was checked by
means of x-ray and ultraviolet photoelectron spectroscopy (XPS and UPS, respec-
tively) and low-energy electron diffraction. TBA was synthesized and characterized
according to the procedure given in Alemani et al [127]. The preparation and ad-
sorption behaviour of TBA on Au(111) is discussed in detail by Hagen et al [128].
The molecules were evaporated onto the surface from TBA powder with a home-
built Knudsen cell at a temperature of 370 K. The substrate was held at 410 K
during deposition [128]. The coverage of the molecular layer is important: In the
compressed phase (1 ML=1 monolayer), the molecular interactions are presumed to
be stronger and the phenyl rings are tilted with respect to the surface whereas in
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the relaxed phase (coverages up to 0.9 ML) they lie parallel to the substrate for the
trans isomer [112]. The coverage was controlled during deposition by monitoring
the work function change [129] and after deposition determined by means of XPS.
All data presented here were taken for 0.9 ML TBA/Au(111).
The photoemission data were recorded at room temperature and at a pressure of
p < 3 ·10−10 mbar during the measurement without He lamp in a modified version of
the VG Escalab 220 spectrometer [130]. For the XPS/XPD measurements, photons
from the Mg Kα line (hν = 1253.6 eV) were used. The five-axis sample goniometer
of the manipulator allows one to rotate the sample orientation in order to map
the photoemission intensity distribution over the full hemisphere above the sample
surface. Every angular setting, and thereby every data pixel represents emission into
a solid angle of the same size. The data were background corrected by subtracting
a background function slowly varying with the polar emission angle, and averaged
taking advantage of the three-fold rotational symmetry of the substrate around the
surface normal. For visualization they are represented in stereographic projection.
A more detailed description of the data treatment will be given in Section 6.3.
A microwave-driven high-intensity He discharge source (VUV5000, Gammadata AB)
[131] with the monochromator set to zero order was used to expose the molecules
to visible and near-UV radiation, which is dominated by lines at wavelengths of
388 nm, 402 nm, 447 nm and 505 nm, respectively [132]. Moreover, very strong
emission is found at 58.4 nm (21.2 eV, HeI), and two weaker lines lie at 53.7 nm
and 30.4 nm in the vacuum ultraviolet (VUV) [131]. It is known from scanning
tunneling microscopy (STM) [17, 133] and two-photon-photoemission (2PPE) [112,
126] measurements that prolonged exposure of molecules to UV radiation drives the
TBA/Au system into a photostationary state. The ratio of cis and trans isomers
in dynamical equilibrium, i.e. the PSS is given by the ratio of the cross-sections
for the two photo-induced transitions and the thermal transition rate [134]. The
time needed to reach the PSS depends essentially on the total isomerization cross-
section and on the photon flux. By comparing the photon flux and photon-energy
dependent cross-sections from previous work [17, 112, 126] with those from our He
discharge lamp, we estimate the time required to drive the system into the dynamical
equilibrium to be less than one hour (see the quantitative analysis presented below
in Section 6.3). This was confirmed a posteriori by the observation that we switched
on the He lamp about one hour before starting the actual measurement and obtained
consistent results for the different runs and for the different angular settings used
during the 10-12 hours of data acquisition.
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Electron Diffraction in Atomic Clusters (EDAC) calculations
XPD patterns were simulated by multiple-scattering cluster calculations using the
electron diffraction in atomic clusters (EDAC) code [135], which has been shown to
describe experimental data well [136]. Briefly, the calculations are based on interfer-
ence of the direct wave and waves scattered several times by the atoms surrounding
the emitter. The coherent sum is then evaluated at the position of detection in
the far field. The computations are done by using a cluster model of the substrate,
which allows adsorbed molecules to be included in a straightforward fashion [121].
The atomic positions of the trans and cis isomers of TBA adsorbed on Au(111)
were taken from the DFT calculation of McNellis et al. [119]. The two clusters
consist of a single TBA molecule (trans and cis) on a gold (111) substrate. The
total number of atoms in one cluster is N = 150. The atomic coordinates served as
input to EDAC calculations, which are shown in Fig. 6.3a and b beside the atomic
structures predicted by DFT. The kinetic energy for the simulations was 854 eV,
which corresponds to emission from the N 1s core-level (binding energy of ≈400 eV)
with photons from the Mg Kα line (hν = 1253.6 eV).
a) trans
b) cis
[112]
70x10-6
70x10-6
6x10-6
6x10-6
[112]
[112]
[112]
Figure 6.3 Hard sphere models and corresponding simulated scattering patterns of
single TBA molecules in two different configurations: a) trans isomer and b) cis isomer.
We assumed emission from the N 1s level using Mg-Kα radiation (Ekin ≈ 854 eV). The
orientation of the substrate is the same, the horizontal corresponding to the direction
[112] as indicated. The adsorption geometries and the atomic positions were taken from
McNellis et al [119].
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Results and qualitative analysis
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Figure 6.4 Data acquisition and data treatment: a) Experimental XPS spectrum. The
red peak is due to emission from the N 1s state. The intensity of this peak is recorded as
a function of the emission angle which results in the raw XPD pattern b). c) N 1s XPD
pattern after subtraction of the spectral background. d) Final diffraction pattern after
subtracting a Gaussian background in order to compensate for instrumental effects. e)
Spectral background measured for the same kinetic energy Ekin ≈ 854 eV on the bare
Au(111) surface.
The two simulated N 1s XPD patterns of Fig. 6.3 illustrate the pronounced differ-
ences that one would measure for an individual molecule that undergoes the trans-cis
isomerization. At the kinetic energy of 854 eV, the XPD patterns are dominated
by forward scattering (see the work of Greif et al.[121] and references therein). As
can be seen in Fig. 6.3a, the dominant forward focusing peaks in the diffraction
pattern for the nearly planar trans isomer appear near grazing emission and along
azimuthal directions near ±90◦ away from the [112] direction. They correspond to
forward focusing by the nearest carbon atoms, one for each nitrogen emitter. Car-
bon scatterers further away contribute less pronounced signals, because several of
them lie within a narrow cone such that their scattering signals become strongly en-
tangled. Intensities at lower emission angles arise due to higher order intramolecular
scattering and backscattering from the substrate.
The cis isomer is far from planar since one of the phenyl moieties of the TBA
is flapped up perpendicular to the surface while the second one is slightly tilted
upwards [119] (see Figs. 6.2 and 6.3b). Therefore, forward focusing signals now
appear at angles closer to normal emission than for the trans isomer, forming a
complex pattern with little symmetry. The brightest spots near the centre belong
to the nearest carbon atoms of the phenyl ring which is flapped up. The three less
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intense forward focusing maxima which can be found at higher emission angles near
the bottom of the pattern are linked to the second, slightly tilted phenyl.
In order to demonstrate the sensitivity of the method to conformational changes of
a small fraction of TBA molecules we recorded two experimental XPD patterns for
two different states: The first pattern was recorded without additional UV source
(trans only). The second pattern was taken while the sample was illuminated with
the He high-intensity lamp with the monochromator in zero order. This led to a
photostationary state with a specific ratio of cis to trans molecules.
The experimental procedure is visualized in Fig. 6.4 for a data set measured with-
out UV illumination of the sample: The intensity of photoelectrons at the N 1s
core-level position was recorded as a function of emission angle and displayed in
stereographic projection, just like the EDAC simulations of Fig. 6.3. It is impor-
tant to note that each pixel represents emission into a well-defined and constant
solid angle. The raw data pattern (Fig. 6.4b) is essentially featureless except for a
marked polar dependence. To make the intramolecular diffraction features visible,
the spectral background underneath the N 1s peak was subtracted. This background
was measured on a bare, clean Au(111) surface. It is not featureless, but contains
signatures of photoelectrons produced deep below the Au(111) surface as a conse-
quence of multiple elastic and inelastic scattering within the fcc lattice [137]. This
particular way of background subtraction is not the standard procedure in XPD
experiments, where normally the background is determined from intensity measure-
ments to the left and right of the peak of interest and subsequent interpolation [22].
In the present case the standard procedure did not succeed mostly due to the very
steep inelastic background (Fig. 6.4a). Finally, a two-dimensional Gaussian function
centered at normal emission was subtracted from the data in order to remove polar
dependencies related to instrument geometry. This includes the varying probe vol-
ume, x-ray spot size on the surface and changing inelastic attenuation length of the
photoelectrons [138]. Since we are interested in slight changes of the signal, only a
minimum of data treatment shall be applied here. The same procedure was applied
to the data taken with the sample being irradiated by UV light.
When comparing the measured XPD data of Fig. 6.4d, which should correspond to
the trans isomer, to the EDAC simulations, one has to consider one more step: owing
to the three-fold symmetry of the Au(111) surface, the simulated pattern needs to
be symmetrized by summing up three patterns rotated by 120◦ with respect to each
other. In Fig. 6.5 the experimental data are compared to the symmetrized results
of the EDAC calculations. The agreement is good at large polar angles for the
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Figure 6.5 Comparison of simulated and experimental patterns: a) and b) EDAC
calculations after three-fold averaging for trans and cis isomers, respectively. c) and
d) experimental XPD patterns for N 1s emission in trans and photostationary state,
respectively.
trans isomer: The six maxima related to nitrogen-carbon forward focusing between
70−80◦ appearing in the EDAC calculation for the trans isomer (Fig. 6.5a) can also
be found in the experimental pattern (Fig. 6.5c). Some of the finer structures seen
in the experiment are also reproduced. Remaining discrepancies might call for a
refinement of the structural parameters, but this is beyond the scope of this work.
The XPD data from the UV illuminated sample, which was in a photostationary
state with so far unknown cis:trans ratio, are shown in Fig. 6.5d. The pattern is very
similar to the one from the non-illuminated sample, with very subtle changes. This
suggests that the cis:trans ratio is rather small. Accordingly, none of the features
of the symmetrized cis state pattern (Fig. 6.5b) can be clearly recognized.
In order to verify that the signal changed upon illumination we subtracted the
raw data of the experimental patterns recorded in PSS and trans from each other
after careful normalization for x-ray flux using reference measurements on the bare
substrate. No background subtraction or correction for instrument functions was
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Figure 6.6 Difference patterns for the ”cis-trans” isomerization. Left panel: EDAC
simulation, right panel: difference of the two experimental patterns after three-fold aver-
age and normalization to the integral yield before background subtraction. The angular
scales are indicated and the color code is defined such that blue color represents a loss of
spectral weight and red color an increase of spectral weight upon excitation by UV light.
carried out because these effects affect both measurements in the same way and,
therefore, cancel out in the difference pattern. Moreover, irrespective of the number
of molecules which switched during the experiment the difference pattern is always
the same qualitatively if the total number of molecules is constant. The difference
pattern is displayed in Fig. 6.6 and compared to the corresponding difference pattern
obtained from the EDAC simulations.
Both, the experimental and the simulated patterns show a clear shift of spectral
weight from high to low polar angles. This can easily be understood by comparing
the results with the structures of the isomers shown in Fig. 6.3. As described above,
at kinetic energies of about 850 eV the electrons are predominantly scattered in
forward direction. Hence, emission is enhanced at high polar angles for the trans
isomer, and for lower polar angles in the cis isomer.
Moreover, some propeller-like lobes can be observed in the experimental difference
pattern which might correspond to three positive maxima found in the simulation
at polar angles between 65◦ and 80◦ in Fig. 6.6. The structure in the experimental
pattern appears to be broadened. Since in the cis isomer both phenyl moieties
are lifted from the surface and since interactions between neighboring molecules
are expected to be negligible, the phenyls may rotate around the nitrogen-carbon
bonds, thus reducing strongly the rigidity of the molecules. As a consequence, any
azimuthal structure which leads to rather sharp features for emission from trans
isomers, is expected to be smeared out in the case of the cis isomer, in agreement
with our findings.
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Figure 6.7 Comparison of calculated and experimental patterns for various values of
x. From left to right: EDAC calculation for trans, experimental patterns IPSS(θ, φ)− x ·
Itrans(θ, φ) for x = 0.1 through x = 0.9 and EDAC calculation for cis. The circle in the
EDAC trans calculation indicates a polar emission angle of θ = 76◦.
Quantitative analysis
A quantitative assessment is more complex. The main reason is that the calculation
of the switching probability relies on the scattering calculations. In principle one
might compare the modulation amplitude in the difference pattern shown in Fig. 6.6
to the intensity of the pure trans signal, for instance. The EDAC calculations
then provide the reference, i.e. the relative change in the pattern expected for the
isomerization of 100% of the molecules on the surface. This procedure is prone to
errors due to the instrumental normalization required to account for polar variations
of the geometrical light incidence and analyzer focus and the inelastic attenuation
length, as already outlined in Section 6.3. In particular, any normalization procedure
affects the distribution in polar angle. The latter is the most significant part of the
difference patterns as can be easily seen in Fig. 6.6.
We have therefore chosen another approach to access the isomerization ratio quanti-
tatively. We use [cis ] and [trans ] to denote the relative occurrences of cis and trans
isomers on the surface with the normalization [cis ]+[trans ]=1. We may then write
the resulting photoelectron distribution in any state as follows:
I(θ, φ) = [cis] · Icis(θ, φ) + [trans] · Itrans(θ, φ), (6.1)
where θ and φ denote the polar angle with respect to the surface normal and the
azimuthal angle around the surface normal with respect to the crystalline [1 1 2] di-
rection, respectively (see Figs. 6.3 and 6.5). We assume that the sample without UV
illumination is close to pure trans state ([trans ]=1 and [cis ]=0), denoted hereafter
as Itrans, while the photostationary state can be written as mixed state IPSS. Since
the concentrations [cis ] and [trans ] in IPSS are still unknown, we test our assumption
made in Eqn. (6.1) and subtract the experimental trans pattern multiplied with a
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Figure 6.8 Azimuthal cuts at θ = 76◦ along the circle shown in Fig. 6.7. Top panel:
experimental traces from x = 0 (topmost trace, blue open symbols) to x = 1.0 (bottom-
most trace, solid turquoise symbols) in steps of ∆x = 0.05 (see text for details). Bottom
panel: azimuthal cuts through the simulated EDAC trans (blue open symbols) and cis
(solid turquoise symbols) patterns at the same angular position.
factor x ranging from 0 to 1 from the experimental pattern in the PSS:
∆I(x, θ, φ) = IPSS(θ, φ)− x · Itrans(θ, φ). (6.2)
If we compare Eqns. (6.2) and (6.1) we see that at x = [trans] the resulting pattern
∆I(x, θ, φ) must be a pure cis pattern. This procedure is visualized in Fig. 6.7:
starting at x = 0.1 with a pattern close to the calculated trans pattern and increasing
x we continuously approach a pattern which is close to the EDAC simulation of the
cis state. Note that as already mentioned above the features are smeared out due
to increased flexibility of the molecules around the nitrogen-carbon bonds.
The most clear signature of the transition from trans to cis is found at high polar
angles. Therefore, we use these features as fingerprints and assume their intensity
to be proportional to the density of the corresponding isomers. In addition, it is
advantageous to compare traces at fixed polar angle: The intensity variation with
polar angle is due to geometrical changes of the focii of light source and electron
analyzer, and changes of electron escape depth, and optical matrix elements. The
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variation and the required normalization is a priori unknown. If only azimuthal
rotations at constant polar angle are considered, these variations can by neglected.
At θ ≈ 76◦ we observe six sharp spots due to the well-defined nitrogen-carbon
bonds in the trans state. They gradually disappear with increasing x. At x ≈
0.9 three large lobes are observed and some weaker features reminiscent of the cis
pattern. If we extract the intensity as function of azimuthal angle at θ = 76◦ for all
these distributions we obtain the traces displayed in Fig. 6.8, which are compared
to corresponding curves obtained from the calculations. One clearly observes the
transition from the trans to the cis pattern by following the disappearance of the
strong maxima at φ = 30◦ and 90◦.
For a more objective analysis, a statistical evaluation is required. In contrast to
earlier studies (e.g. Refs. [73, 139]), in which a modified χ2 function was used [140]
, we used the Pearson correlation coefficient r to compare each of the azimuthal
distributions shown in Fig. 6.8 with the corresponding curves from the trans and
cis calculations. The Pearson r-factor is defined as the covariance of two functions
normalized by the square roots of the variances of each of them[141]. It does not re-
quire any treatment like scaling of the data prior to the calculation of the correlation
function. In case of maximum (anti-) correlation, r must approach the value of (-)1,
a value of 0 corresponds to no correlation. We evaluated the following expression
for cis and the analogous one for trans, and for the two most suitable angles θ = 76◦
and 78◦:
rcis(x) =
∑
i (∆I(x,θ,φi)−〈∆I〉) · (Icis(θ,φi)−〈Icis〉)
s∆I · sIcis
(6.3)
with s∆I =
√∑
j (∆I(x, θ, φj)− 〈∆I〉)2
and sIcis =
√∑
k (Icis(θ, φk)− 〈∆I〉)2,
where 〈∆I〉 and 〈Icis〉 denote the average values of ∆I and Icis for all angles φ,
respectively.
The results are shown in Fig. 6.9. As expected for x ≈ 0 the r factor is higher for
the trans state than for cis. When x increases the correlation with trans becomes
weaker, while the r-factor reflecting the covariance with the cis trace increases. The
r-factor of the cis goes through a maximum for both angles. The weighted mean
value at which r is maximum is xm = 0.92± 0.025. This means that 8.0%± 2.5% of
the molecules underwent isomerization into the cis state in our case.
In order to compare to published switching probabilities, we have to take the tem-
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patterns for cis (solid orange symbols) and trans (open blue symbols) states.
perature and different photon energies into account. It must be emphasized that the
isomerization process and the cross-sections change considerably when going from
molecules in solution to molecules adsorbed on surfaces [18]. Based on temperature-
and photon-energy dependent 2PPE experiments, Hagen and co-workers proposed
the following picture for the isomerization of TBA on Au(111) [18, 126, 134]: Elec-
trons are excited by photons out of the substrate Au 5d manifold and the photohole
is transferred to the HOMO of the TBA molecule. The minimum energy required
for creating photoholes in the 5d levels is about 2.2 eV, which is in agreement with
the observed threshold behaviour at 2 eV of the isomerization cross-section and the
almost constant value for photon energies between 2.2 and 4.4 eV [126]. For higher
photon energies the effective cross-section strongly increases again due to increased
photoionization probability of Au 5d.
The transient positive ion resonance due to hole transfer into the HOMO allows
for efficient energy transfer to the molecule and, thereby, triggers the isomerization.
The isomerization may proceed in both ways, from trans to cis and from cis to
trans. The branching ratio, i.e. the relative probabilities for the two directions
are fairly constant in energy [18] and roughly 1:1 slightly in favor of the trans to
cis transition [18, 133]. While in solution the potential energy surface of TBA
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has two minima of comparable depth for the two isomers, the minimum of the cis
isomer of TBA becomes shallow upon adsorption on a metal substrate. This favors
thermally activated isomerization and leads to a net thermal isomerization rate from
cis to trans. Thus, the relative fraction of cis and trans molecules is given by the
ratio of the cross-sections for photo-induced switching and the thermal rate. The
photostationary state comes closer to the pure trans state at higher temperature.
The typical time scale for reaching the PSS is given by the effective isomerization
cross-section and the photon flux.
While the VUV photon flux of the He discharge lamp used here is known from
photocurrent measurements [130, 131], the flux of visible and near-UV photons had
to be determined in a separate experiment using a discharge source working at
the same discharge pressure. We obtain a flux of about 1.1 × 1014 ph/(cm2 s) for
photon energies higher than 2.2 eV, about the same order of magnitude as the one of
VUV photons of 1.8× 1014 ph/(cm2 s). Using these numbers and our experimental
results, and assuming the known branching ratio[18] for cis and trans isomerization,
we achieve good agreement with observed values using an effective cross-section of
the order of σeff ≈ 10−17 cm2. The time required to drive the system into the
photostationary state, defined as 90% of the final cis concentration, is estimated
to be about one hour, based on the results for the photon flux and cross-sections
and in agreement with own experimental findings. The effective total isomerization
cross-section σeff derived here is higher by several orders of magnitude than cross-
sections of 10−23 cm2 at a photon energy of about 3 eV and 30 K [133] or 10−22 cm2
for visible light and a temperature of 90 K [134]. This can be explained by the
higher photoionization cross-section of the Au 5d states[142] and the possible direct
photo-ionization of the TBA molecule.
Outlook: Time-resolved photoelectron diffraction experiments
A standard photoelectron diffraction data set represents the angular distribution
of photoemission intensity recorded at fixed electron kinetic energy for a chosen
number of emission directions. When investigating sensitive surface systems like
layers of organic molecules data acquisition should be fast to avoid sample damage.
Furthermore, the number of emission angles recorded will depend on the goal of
experiment, because a full and accurate structure determination requires a fine grid
in polar and azimuthal angle. According to experience, such a grid covering the full
hemisphere above the sample has 4’000-5’000 angles, spaced such that each pixel
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represents the same solid angle. Using parallel data acquisition as it is possible
with most modern electron detectors the number of sample settings can be greatly
reduced [143].
The strategy will be different if the structural dynamics are studied. Time-resolved
experiments are usually carried out in pump-probe mode. After an excitation pulse
(pump), the transient structure can be tracked by photoelectrons excited by a second
time-delayed (x-ray) probe pulse. Thus, the time delay represents an additional
parameter, which has to be varied, multiplying the number of measurements with
the number of time delays. The latter is typically of the order of 100 steps. Our
present results demonstrate the sensitivity of XPD to structural changes in a small
number of molecules on top of a high background of molecules in the ground state.
Such a measurement could correspond to one such time delay setting in a time-
resolved pump-probe experiment. Realistically, however, the number of emission
directions (pixels) is limited to the number of angular channels which can be recorded
in parallel in a single measurement. Longer integration times and, thereby, better
data statistics often outweigh the number of pixels in such experiments [140].
Quantitative assessment then requires the use of fingerprints representing all possible
transient structures. Such fingerprints can be either numerical simulations as in
our case here or the existence of reference data from these transient structures.
Reference date must be taken from pure samples. This is impossible in the present
case but such data can be measured in static measurements from all phases of
a system undergoing a phase transition as a function of sample temperature, for
instance. In order to compare the data, it turned out to be advantageous to analyze
difference data. In this way, problems with data normalization due to a change in
geometry upon sample rotation are minimized and subtraction of a background is
not necessary because it cancels in the difference data to a good approximation.
Moreover, in the present case the normalization was avoided by solely comparing
traces as function of the azimuthal angle at constant polar angle. Since the azimuthal
rotation corresponds to a rotation around the surface normal, the experimental
geometry does not change and any intensity modulations can be attributed to effects
due to the electronic or atomic structure of the surface under investigation [138].
The features of the patterns which can clearly be attributed to one of the structures
can be used as fingerprints. In this case, a full structure determination at each delay
is not required, what reduces considerably the measurement time. The intensity of
the features is a simple measure of the number of molecules in the corresponding
transient state. Statistical analysis can be used in order to assess the ratios of the
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isomers in a quantitative way. For each delay time step, the best match is found by
evaluating reliability factors as shown in the present work.
Conclusion
In conclusion we presented photoelectron diffraction data from tetra-tert-butyl-
azobenzene molecules adsorbed on Au(111). Upon excitation with visible, ultravio-
let, and vacuum-ultraviolet radiation, the molecules undergo reversible trans-to-cis
isomerization, which can be detected in the diffraction patterns. Moreover, a quan-
titative analysis revealed that the isomerization can be driven very efficiently with
high-energy vacuum-ultraviolet photons. This gives further evidence for an isomer-
ization mechanism, which proceeds by generation of photoholes in the Au 5d shell
and hole transfer into the HOMO, where a transient positive ion is formed. The
excess energy is then used to drive the isomerization of the molecule.
The fact that a small number of switched molecules can be observed in photoelectron
diffraction experiments on top of a large background of passive molecules opens
new possibilities for studying structural dynamics in solid surfaces with potentially
femtosecond time resolution.
Acknowledgments
We thank Prof. Dr. Stefan Bienz (Department of Chemistry, University of Zurich)
for providing the TBA molecules and Prof. Dr. Thomas Greber for valuable discus-
sions. We acknowledge financial support from the Swiss National Science Foundation
through NCCR MUST.

7 Outlook
In this thesis it was successfully demonstrated that the new HHG light source and
the photoemission endstation TREx are well suited for trARPES of solids. The
100 fs time resolution and the photon energy of 15 eV allows one to study electron
dynamics even at the SBZ boundaries. This is important for the investigation of
many different physical systems which require pump-probe and XUV photon en-
ergies. Such systems like, e.g. graphene or MoS2 are possible candidates to be
measured with high harmonic light. Furthermore, time-resolved UV photoelectron
diffraction and time-resolved molecular tomography studies can be carried out with
a pulsed XUV light source.
It is planned to expand the high harmonic light source in the future by the optical
parametric amplifier (OPA). The OPA is a tunable light source with an energy range
from 1.77 eV to 2.65 eV. With the option of a tunable pump laser, the pi − pi∗ tran-
sition in h-BN/Ni(111) could be realized to investigate the nature of the energy gap
in a monolayer h-BN on Ni(111). Furthermore, in view of electron excitation from
the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO), the tunability of the photon energies would be an improvement in
order to locate the HOMO-LUMO energy gap.
Figure 7.1 Photography of TREx and the high harmonic light source.
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